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those scenarios differ in species (animal- 
to-human extrapolation), in magnitude 
of exposure (dose extrapolation), or in 
route of exposure (routc-to-route extrap- 
olation). Again, it is assumed, lacking 
data to the contrary, that a relationship 
observed in one scenario is valid in the 
other. Risk can be stated as the magni- 
tude of exposure that is estimated to be 
without substantial likelihood of harm- 
ful effect, or stated as the probability of 
occurrence of harmful effect 

The remainder of this chapter con- 
cerns answers to two questions: What 
is the basis for concluding that extrapo- 
lation is reasonable? Can it be said that 
one approach to extrapolation is better 
than another approach? It is in relation 
to the second question that the rele- 
vance and utility of biologic markers in 
risk assessment become apparent 



Basis of Extrapolation 

Animal Studies 

A fundamental princi ple of toxicolog y 
is tHat results of animal studies can Be 
applied t o humans. The scientific bas is 
for assuming that ani mals are good sur - 
rogat es tor humans and therefore a su it- 
ajge hasis for extrapolation to humans i s 
o verwhelming . If one considers that the 
genetic makeup of a mouse or a rat is 
more than 95% and of a monkey is 
more than 99% identical with that of a 
human, it is reasonable to assume that 
these animals in particular and mam- 
mals, in general, will react to infectious 
agents and chemical stressors much as 



humans will. Among mammals, most of 
the host defensiTTne3iaju^^ 
a ntT immune) and metabolic (anabolic 
afTd~catabolic) systems are similar Iff 
particular, the urinary systems ot most 
mammals are very similar. Although 
specific, often subtle, differences be- 
tween humans and other animals with 
respect to renal function have been 
demonstrated, the vast majority of hu- 
man renal responses to xenobiotics 
mimic what has been observed in other 
species. Biologic markers of renal trans- 
port, concentrating, and metabolic func- 
tions of the kidney are reproduced in 
many species, including humans, al- 
though quantitative differences have 
been demonstrated. Therefore, it is rea- 
sonable to use animal models for extrap- 
olation to humans unless specific infor- 
mation on specific chemicals dictates 
otherwise. 

Many epidemiologic investigations 
have, in fact, been suggested as a result 
of animal studies, and the epidemiologic 
findings have tended to support the re- 
sults of the animal studies. For exam- 
ple, several of the current epidemiologic 
studies of heavy-metal toxicity, includ- 
ing small exposures, were initiated in 
response to urinary toxicity observed in 
a large number of animal studies and 
were undertaken specifically because of 
the likelihood that the human response 
would mimic that seen in animal test 
species. Mechanistic studies of chemi- 
cally induced nephrotoxicity in animals 
influenced or stimulated epidemiologic 
studies of a variety of substances, in- 
cluding many of the halogenated hydro- 
carbons, such as chloroform, hexa- 
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chlorobutadiene, and bromobenzene. 
Much of the epidemiologic investigation 
and mechanistic understanding of anes- 
thetic, analgesic, and antibiotic nephro- 
pathy has been driven by observations 
of nephrotoxicity in animals. Classic 
examples of the direct application of 
animal studies to epidemiology of 
known ncphrotoxicants arc the use of 
antineoplastic and immunosuppressant 
drugs (e.g., cisplatin and cyclosporin, 
respectively). 

Studies of carcinogenic responses in 
laboratory animals and in humans have 
revealed substantial correlations (Crump 
et al„ 1989). The results suggest that 
there are reasonable approaches to ex- 
trapolating cancer responses observed in 
test species— approaches that appear to 
predict fairly well the responses in hu- 
mans. 

Identification of chemical hazards 
should include assimilation and evalua- 
tion of all relevant information. Ap- 
praisal of physical and chemical proper- 
ties and stiucture-activity relationships 
can sometimes provide important indi- 
cations of potential toxic characteristics. 
Markers of urinary function and chemi- 
cal toxicity in experimental animals can 
be studied at various levels of tissue 
structure and organization (Table 5-1). 
This is in contrast with human studies, 
in which only noninvasive studies of 
renal function are possible. Markers 
identified through in vitro studies of 
systems that use animal and human 
cells or tissues in culture can often give 
insight into potential toxicity. How- 
ever, because of the intricacy of the 
body, only whole-animal studies or ob- 
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scrvauons in humans provide informa- 
tion on the operation of multiple cells, 
tissues, and organs under the influence 
of complicated feedback mechanisms. 
Animals are necessary in the study of 
chemical-induced toxicity and for the 
development and validation of markers 
because studies that involve modulation 
of cellular responses and tissue sampling 
cannot be performed in humans. 

Traditionally, experimental animal 
studies have been of most value for 
identifying markers that can be used to 
predict target-organ effects, understand 
dose-response relationships, and study 
mechanisms of action. The studies in- 
clude measurements of function, blood 
chemistry, urinalysis (including cytol- 
ogy), histopathology, and electron mi- 
croscopy. Metabolism and transport 
peculiar to the kidney are often routine 
parts of such studies. 

Animal models developed as surro- 
gates for humans in the study of renal 
and urinary function should conform to 
some general principles, which are appli- 
cable to any organ system, although 
they arc discussed here in the context of 
renal and urinary toxicology. They in- 
clude the following: 

• The animal model should be repro- 
ducible within and among laboratories. 
It should not be so complex that only a 
few laboratories could do the study. 

• The model should be peculiar to 
the part of the urinary tract under con- 
sideration. This characteristic can be 
realized only with sophisticated proce- 
dures that permit study of discrete 
nephron segments. 
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• The model should be sensitive 
enough to differentiate normal from 
abnormal changes in structure or func- 
tion. 

• The model should be able to mea- 
sure alterations in renal structure or 
function caused by exogenous agents. 

Whole-animal studies arc usually the 
first step in evaluating the potential tox- 
icity of a given agent and these studies 
involve assessment of urine and plasma 
for markers indicative of organ function 
and toxicity. Noninvasive or non- 
destructive studies can he followed by 
application of histopathologic tech- 
niques to determine markers of target- 
organ or tissue-site injury. In most 
cases, rodents suffice, but there might 
be instances when only a primate can 
properly represent the human situation. 
For example, the route of administration 
might be important if direct extrapola- 
tion to humans is likely. With nephro- 
toxicants as with other toxicants, acute, 
subchronic, and chronic exposures are 
used to determine potential toxicity. 
The determination of markers of urinary 
toxicity is generally easier with acute 
protocols than widi subchronic or 
chronic exposures. Studies often in- 
volve single exposures of both sexes of 
at least two species, usually rodents. 
Depending on the results of the rodent 
studies and the questions being asked, 
one might decide to study the agent in 
higher mammals, such as dogs or mon- 
keys. The use of subchronic or chronic 
exposure regimens is usually driven by 
the nature of the potential human expo- 
sure, the agent being studied, and the 



possibility of chronic toxicity, including 
carcinogenicity. 

Renal Parenchymal Injury 

The difficulties in diagnosing renal 
injury and predicting its health conse- 
quences are considerable. That is pri- 
marily because the kidney can undergo 
substantial chemically induced injury 
without any clinical manifestation; sub- 
tle injury can be negligible, given the 
considerable functional reserve of the 
kidney. For example, the single cross- 
sectional measurement of glomerular 
filtration rate (GFR) might show only 
severe acute or chronic renal damage, as 
discussed in Chapter 2. Most studies 
indicate that quantitative urinary-en- 
zyme secretion patterns cannot reveal 
either the type or the severity of renal 
injury, and often they do not correlate 
with structural or functional changes, as 
discussed in greater detail in Chapter 4. 
The need, therefore, is for standard di- 
agnostic criteria that are sensitive 
enough to serve as markers of renal 
damage in the presence of renal func- 
tional reserve. 

Much of the nephrotoxicity that fol- 
lows the administration of inert, rela- 
tively nontoxic chemicals is related to 
the formation of reactive electrophilcs 
during their metabolism (Ford and 
Hook, 1984). It is thought that the 
electrophilic products can react cova- 
lcndy with various nucleophilic sites on 
renal macromolecules and, by some 
mechanism yet to be defined, lead to 
renal damage. Measurement of the re- 
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ABSTRACT: 

The active forms of all marketed hydroxymethylglutaryl (HMG)-CoA 
reductase Inhibitors share a common dlhydroxy heptanolc or hep- 
tenolc acid side chain. In this study, we present evidence for the 
formation of acyl glucuronide conjugates of the hydroxy acid forms 
of simvastatin (SVA), atorvastatin (AVA), and cerivastatin (CVA) In 
rat, dog, and human liver preparations in vitro and for the excretion 
of the acyl glucuronide of SVA in dog bile and urine. Upon incuba- 
tion of each statin (SVA, CVA or AVA) with liver microsomal prep- 
arations supplemented with UDP-glucuronic acid, two major prod- 
ucts were detected. Based on analysis by high-pressure liquid 
chromatography, UV spectroscopy, and/or liquid chromatography 
(LC)-mass spectrometry analysis, these metabolites were identi- 
fied as a glucuronide conjugate of the hydroxy acid form of the 
statin and the corresponding 6- lactone. By means of an LC-NMR 
technique, the glucuronide structure was established to be a 1-0- 
acyl-0-D-glucuronide conjugate of the statin acid. The formation of 
statin glucuronide and statin lactone in human liver microsomes 
exhibited modest intersubject variability {3- to 6-fold; n = 10). 
Studies with expressed UDP glucuronosyltransferases (UGTs) re- 
vealed that both UGT1 A1 and UGT1A3 were capable of forming the 
glucuronide conjugates and the corresponding lactones for all 
three statins. Kinetic studies of statin glu euro nidation and I acton - 



izatlon in liver microsomes revealed marked species differences In 
intrinsic clearance (CL^ values for SVA (but not for AVA or CVA), 
with the highest CL^ observed In dogs, followed by rats and 
humans. Of the statins studied, SVA underwent glucuronldatlon 
and lactonizatlon in human liver microsomes, with the lowest CLm t 
(0.4 fxl/min/mg of protein for SVA versus 3 jtl/min/mg of protein 
for AVA and CVA). Consistent with the present in vitro findings, 
substantial levels of the glucuronide conjugate (-20% of dose) and 
the lactone form of SVA [simvastatin (SV); -10% of dose] were 
detected in bile following i.v. administration of [ 14 C]SVA to dogs. 
The acyl glucuronide conjugate of SVA, upon isolation from an in 
vitro incubation, underwent spontaneous cycllzatlon to SV. Since 
the rate of this lactonizatlon was high under conditions of physio- 
logical pH, the present results suggest that the statin lactones 
detected previously in bile and/or plasma following administration 
of SVA to animals or of AVA or CVA to animals and humans, might 
originate, at least in part, from the corresponding acyl glucuronide 
conjugates. Thus, acyl glucuronide formation, which seems to be a 
common metabolic pathway for the hydroxy acid forms of statins, 
may play an important, albeit previously unrecognized, role In the 
conversion of active HMG-CoA reductase inhibitors to their latent 
S-lactone forms. 



HMG'-CoA reductase inhibitors, also called tfc statitis*\ which target 
the rate- limiting enzyme in cholesterol biosynthesis, are used widely 
for the treatment of hypercholesterolemia and hypertriglyceridemia 
(Mauro, 1993). Except for simvastatin (SV) and iovastatin (LV), all 
currently available statins are administered as the pharmacologically 
active hydroxy acid tonus. SV and LV arc inactive 5-lactoncs, which, 
upon conversion to their respective hydroxy acids (SVA and LVA), 
serve as potent competitive inhibitors of HMG-CoA reductase (Dug- 

1 Abbreviations used are: HMG, hydroxymethylgiutary!: SV, simvastatin; LV, 
Iovastatin; SVA, hydroxy acid form of simvastatin; LVA, hydroxy acid form of 
Iovastatin; CVA, cerivastatin; UGT, UDP glucuronosyltransferase; AVA, atorvasta- 
tin; UDPGA, UDP-glucuronic acid; HPLC. high- pressure liquid chromatography; 
ACN, acetonitrile; LC-MS, liquid chromatography-mass spectrometry; CLj n „ in- 
trinsic clearance; AV, the lactone form of atorvastatin; CV, the lactone form of 
cenvastatin; P450, cytochrome P<?50. 

Address correspondence to: Dr. Thomayant Prueksaritanont, Department of 
Drug Metabolism, Merck Research Laboratories, WP 75-100, West Point, PA 
19486. E-ma»!: thomayant_prueksaritancnt@merck.com 



gan and Vickers, 1 990). AH statins undergo varying degrees of me- 
tabolism in both animals and humans (Vickers et al., 1 990b; Everett 
et aL 1991; Dain et al., 1993; Halpin ct al., 1993; Cheng et al., 1994; 
Lc Couteur et al., 1996; Boberg et al., 1998; Black et aL 1999), 
catalyzed primarily by the cytochrome P450 system (Wang et al., 
1991: Boberg et aL, 1997; Prueksaritanont et al., 1997, 1999). Other 
reported biotransformation pathways include lactonization of statin 
hydroxy acids and 0-oxidation at the common dihydroxy heptanoic or 
heptenoic acid side chain (Vickers et al., 1990b; Halpin et al., 1993; 
Boberg et al., 1997; Black et al., 1999; Prueksaritanont et al., 2001); 
in recent studies, it lias been shown that the CoA diioester conjugate 
of the hydroxy acid side chain probably serves as an intermediate in 
these processes (Prueksaritanont et al., 2001). 

In a recent study, glucuronide conjugates of CVA have been re- 
pelled in animals (Boberg et al., 1998), indicating that the heptenoic 
acid side chain also may be subject to glucuronidation. To date, 
however, no other marketed statins have been reported to form glu- 
curonides in animals or humans. In preliminary studies on the metab- 
olism of SVA in dogs, we found high levels of SV anil modest 
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FlG. t . Structures of statin hydroxy acids and their acyl glucuronide conjugates 
' for SVA (A). CVA (8). and AVA (C). 

*, indicates the position of ;4 C label. 



concentrations of SVA glucuronide in specimens of bile. Moreover, 
the glucuronide conjugate of SVA seemed to be unstable upon stand- 
ing. Based on these observations, we speculated that acyl glucuronida- 
tion might be a common metabolic pathway for statins and that 
spontaneous cyclization of the resulting conjugate may contribute to 
the lactonization observed for all statins. 

Based upon these considerations, we set out to characterize the 
glucuronidation of statins using SVA, AVA, and CVA as model 
compounds in liver microsomal preparations from both animals and 
humans. These three statins were selected tor study since they have 
been reported to undergo significant lactonization in vivo in animals 
and/or humans (Vickers et al., 1990a,b; Boberg et al., 1998; Kantola 
et al., 1998). The identity of the UGTs, which catalyze the glucu- 
ronidation of these agents, was investigated with the aid of expressed 
enzymes, and the stability of the acyl glucuronide in vitro was studied 
in die case of the SVA conjugate. Finally, the significance of the 
glucuronidation pathway in the disposition of SVA in vivo was 
examined using the dog as an animal model. 

Experimental Procedures 

Materials. SV, SVA, and l l4 C]SVA, with a specific activity of 50 /xCi/ 
/tmol (Fig. 1), were synthesized at Merck Research laboratories (Rahway, 
NJ). AVA and CVA were extracted from commercial sources, and their 
identity and purity were confirmed by infrared and NMR spectroscopy. Brij 58 
and UDPGA were obtained from Sigma Chemical Co. (St Louis, MO). 
CD 3 CN (99.8 atom % D) and D 2 0 (99.8 atom % D) were purchased from 
Isotec, Inc. (Miamisburg, Oil), and CF 3 COOD (99.5 atom % D) was obtained 
from Aldrich Chemical Co. (Milwaukee, WI). All other reagents were of 
analytical or IIPLC grade. Human recombinant UGTs were obtained from 
GENTEST (Woburn, MA) and Pan vera (Madison, WI). Human liver micro- 
somes were purchased from XenoTech, LLC (ICansas City, KS) and GEN- 
TEST, whereas those from maJe Spraguc-Dawley rats (-260-320 g) and 
beagle dogs (°-J ] kg) were prepared in-house, as described previously (Pruek- 
saritanont et a!.. 1997), and were pooled from tour to six animals before use. 

In Vitro Metabolism of Statins. A typical incubation mixture, in a final 
volume of 0.3 ml, contained 0.3 mg (dog) or 0.45 mg (human or rat) of liver 
microsomal protein, preincubated for 15 min with 0.0*15 mg of Brij 5S, 20 mM 
MgCI, 5 mM UDPGA, and 0.05 M Tris buffer. pH 7.0. The preincubation step 
with Brij 5S was found to be optimal for high enzyme activity. Unless 
otherwise specified, the reaction was started by the addition of SVA. AVA, or 
CVA following a 3-min preincubation at 37 C C and was conducted for up lo 60 
min. Control experiments were performed by excluding cither the microsomes 
or UDPGA from the incubation mixtures. The reaction was terminated at 



appropriate time intervals by the addition of 0,8 ml of aeetonitrilc (ACN). The 
ACN extracts were evaporated to dryness and reconstituted., just before anal- 
ysis, in the mobile phase (20% ACN in 25 mM ammonium acetate buffer, pH 
4.5) for analysis by the HP EC method described below. Kinetic studies were 
conducted using 0.2 to 200 ,uM statins in liver microsomal preparations from 
humans, rats, and dogs. The incubation mixtures were incubated for 45 min at 
37°C. 

Jncubations with human recombinant UGTs were performed using the same 
conditions as described above for human liver microsomes, except that tire 
mixture contained 0.3 mg of UGTs and was incubated for up to 60 min. 
Control incubations using microsomes isolated from the same cell line con- 
taining the vector, but without a cDNA insert, also were included. 

For the purpose of isolation and purification of the statin glucuronides, 
large-scale incubations of the statins (100 /xM; 20 X 0.5-inl incubation) were 
carried out with dog liver microsomes (2 mg/ml) and UDPGA (5 mM) for 60 
min. The ACN extracts were evaporated to dryness and reconstituted for 
analysis by LC-MS and LC-NMR spectroscopy. 

Stability of SVA Acyl Glucuronide. The acyl glucuronide of SVA was 
isolated by HPLC (see Analytical Procedures for conditions) from an in vitro 
incubation with dog liver microsomes, SVA (100 /xM). and UDPGA (5 mM). 
Duplicate 0.5-min fractions (—0.5 ml) containing the SVA glucuronide were 
collected by a fraction collector (Foxy 200; 1SCO. Inc., Lincoln, NF-) into tubes 
containing 0.3 ml of buffer, with a specific pH value between 4 to H. 'I "he 
resulting mixtures then were injected immediately onto an HPLC column ( with 
an auiosampler set at 5°C) at about 2.5-h intervals over an 8-h period. For each 
pH mixture, the time for the first injection was considered as the starting time 
(time 0). 

In Vivo Metabolism and Excretion of SVA. All studies were reviewed 
and approved by the Merck Research Laboratories Institutional Animal Care 
and Use Committee. Beagle dogs (/; - 3 each; 9 -14 kg) were surgically 
prepared with common bile-duct cannulae and were housed individually in 
metabolism cages with an extracorporeal reservoir on their back for bile 
collection. [ M C]SVA was administrated intravenously at 1.2 mg/kg, and bile 
was collected in a bag containing 0.5 M ammonium acetate buffer, pH 4.5 
(—10% of total bile volume), continuously every hour over a period of 10 h 
and during the next 10 to 24 h. Urine samples also were collected during 0 to 
8, 8 to 24, and 24 to 48 h po&tdosc. The bile and urine samples were frozen 
immediately on dry ice and kept at -20°C for later analysis. 

Analytical Procedures for Statins and Metabolites. SVA, CVA, AVA, 
and their metabolites were analyzed using published HPLC methods (Pruek- 
saritanont et al., 1999) with minor modifications. In brief, samples held in an 
autosampler set at 5°C were chromatographed on a C, rt Zorbax column (1 50 X 
4.6 mm, 5 urn; Waters, Inc., Milford, MA) preceded by a C, 8 guard column, 
with a linear gradient of ACN and 25 mM ammonium acetate, pl-i 4.5. The 
eluate was monitored by U V absorption at 240 nm (SVA and AVA) or 280 nm 
(CVA) and by an on-line £-RAM radioactivity detector (IN/US Systems, 
Tampa, FL). Due to the unavailability of authentic standards for glucuronide 
conjugates of statins, quantitation of these metabolites in the in vitro incubation 
mixtures was accomplished using standard curves for their respective parent 
statins, assuming identical extraction recoveries and extinction coefficients 
between the parent dnig and its corresponding glucuronide conjugate. For the 
three statins, standard curves showed satisfactory linearity and precision 
(< 1 5% coefficient of variation). The limits of assay detection were 5 pmol (on 
column) for ail three statins. 

levels of total radioactivity in bile and urine samples were determined by 
direct measurement of samples using a scintillation counter (Packard Instru- 
ment Company, Inc.. Downers Grove, JL). Concentrations of SV, SVA gluc- 
uronide, and SVA in bile samples were estimated based on total radioactivity 
and metabolite profiling studies (using HPLC with an on-line IN/US 0--RAM 
radioactivity detector). 

Identification of the statin metabolites was accomplished by using LC-MS 
techniques (IIP- 1050 gradient system: Hewlett Packard, San Fernando, CA; 
Finnigan MAT LCQ ion trap mass spectrometer; Thermo Fimiigan MAT, San 
Jose, CA). Separation of the metabolites was carried out on a Betasil C, K 
column (2 X 150 mm. 5 A<m), w ith a linear gradient of ACN and 0.1% formic 
acid (30% ACN to 80% ACN in 20 mm) delivered at a constant (low rale of 
0.2 ml/mm. Mass spectral analyses were performed using elcctrospray ioniza- 
tion in the negative ion mode (for SVA and AVA glucuronide conjugates) or 
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positive ion mode (for sta:in lactones and CVA glucuronide). The elearospray 
ionization voltage was scr ai 4 kV, with the heated capillary temperature held 
at 23<TG 

For NMR studies, the dried extract from in vitro incubates containing the 
metabolite were reconstituted in approximately 250 /.tl of 30% ACN/70% 
water in 1 mM ammonium acetate, pH 4.5 (SVA). or 10% ACN/90% water/ 
0.1% CF3COOD CAVA and CVA) before injection. All NMR spectra were 
acquired under stopped -flow conditions. Once the apex of the metabolite peak 
was detected, the UFLC pump was stopped after a precalibrated delay time, at 
the end of which the metabolite was located in the NMR How cell. The HPLC 
conditions were optimized such that the LC peak volume matched that of the 
NMR flow cell volume (60 /d) to maximize the signal-ro-noisc ratio of the 
NMR spectrum. Deuteraied mobile phase was used for all LC-NMR mns, and 
no solvent suppression techniques were applied. The following HPLC condi- 
tions were used for LC-NMR studies: Symmetry C 5l ,, 5-um 5 3.9 X 150-inm 
column (SVA) or Phenomenex pbenylhexyl, 5-uni, 2 X 150-mm column 
(AVA and CVA); flow rate, 1.0 ml/min (SVA) or 0.3 ml/mtn (CVA and 
AVA): and UV detection at 239 nm (SVA), 244 nm (AVA), or 283 nm (CVA). 
Separation of glucuronide metabolites from parent statins was achieved using 
the following gradient conditions: SVA, 0 to 1 min at 30% A, 1 to 18 ruin 30 
to 81% A, 18 to 22 min at 81% A, and a 22.1 -min return to 30% A; 
AVA/CVA, 0 to 3 min at 10% A, 3 to 30 nun 10 to 64% A, 30.1 to 35 min at 
90% A, and a 35.1-miu return to 10% A, where A is 90% CD 3 CN -5- 10% D ? () 
+ 0.1% CF,COOD and B is 90% D ? Q -f 10% CD,CN t 0.1% CF,COOD. 
The parent LC-NMR spectra were obtained by injecting -25 ^g of the 
corresponding statin under the same LC conditions as used for the metabolite. 
*H chemical shifts (in parts per million) are referenced relative to residual 
CD 2 HCN at J .99 ppm. NMR spectra were obtained using an Jnova (l 1.7 \7500 
MHz) 51 -mm, narrow-bore spectrometer (Varian, Inc., Palo Alto, CA) 
equipped with a 60- jud flow probe (Varian, Inc.). 

Data Analysis. Apparent K n , and K nMX values were estimated using a 
nonlinear regression program (Enllt; Biosoil, Ferguson, MO). The CL, ft1 values 
were esu mated by dividing V tmn by K m . 

Results 

Glucuronidation of Statins in Dog Liver Microsomes. Figure 2A 
illustrates a typical HPLC chromatogram derived from incubates of 
SVA with dog liver microsomes in the presence of UDPGA. Two 
major products with an UV spectrum similar to thai of SVA were 
observed. The nonpolar product, which eluted after SVA, was iden- 
tified as the lactone SV based on the identical HPLC retention time 
and UV spectrum compared with the authentic standard. The more 
polar metabolite, upon LC-MS analysis, afforded an [M - H] ion at 
miz 61 1, 176 mass units higher than the [M - H]~ ion of SVA, 
suggesting that it was a glucuronide conjugate of SVA. Except for a 
small amount of SV (<0.6% of initial concentration), the two metab- 
olites were not detectable in control incubations that lacked liver 
protein or UDPGA. The results suggested that the glucuronide con- 
jugate of SVA was formed enzymatically, whereas SV was formed 
both by enzymatic (major) and chemical (minor) processes under the 
conditions used. The enzyinatic reaction for both products was me- 
diated by UDPGA-dcpcndent cnzyme(s). 

As was the case with SVA, two metabolites of AVA or CVA (one 
more polar and the other less polar than the corresponding parent) 
were detected when AVA or CVA was incubated with human liver 
microsomes supplemented with UDPGA (Fig. 2, B and C). Both 
metabolites afforded an UV spectrum identical to that of the corre- 
sponding parent and were not detected in the absence of microsomes 
or UDPGA. LC-MS analysis indicated that the more polar metabolites 
of AVA and CVA gave an [M - H] " ion at miz 733 and an [M + H] + 
species at miz 636, respectively, which corresponded to an addition of 
176 mass units to their respective parent statin. In each case, colli- 
sions 1 activation of these ions led a loss of 176 Da (data not shown), 
suggesting that the metabolites in question were the statin glucu- 
ronides. The nonpolar metabolites of AVA and CVA afforded [M + 
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Fig. 2. Representative HPLC-UV profiles of metabolites of SVA (A). AVA (B), 
and CVA (C) in clog liver microsomal incubates. 

Incubations were carried out at 37°C for 45 min using dog liver microsomes (1 
mg/ml) and statins <100 j*M) with UDPGA (5 mM). 

H] *" ions at miz 541 and 442, which were 18 mass units less than the 
corresponding ions from AVA and CVA, respectively. Based on the 
HPLC retention time and UV and MS spectra, the nonpolar metabo- 
lites were assigned as AV and CV, the lactone derivatives of AVA and 
CVA, respectively. 

For all three statins, formation of the glucuronide conjugate and 
lactone was linear with time up to 1 h. The formation of each 
glucuronide was highest at an incubation pH of 7.0 (data not shown). 
At incubation buffer pH values higher than 7, formation of the 
lactones became more prevalent compared with that of the glucuro- 
mde conjugates. Lactone formation also seemed to increase when the 
incubation mixture was left overnight at room temperature. For these 
reasons, all incubations in subsequent experiments were performed at 
pH 7.0, and samples were analyzed immediately (with an autosampler 
set at 5°C during analysis) after incubation. 

NMR Identification of Statin Glucuronidcs. LC-NMR experi- 
ments were performed to identify the site of conjugation of the statin 
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Fig. 3. Ona-dimemionaJ 'H (A) and total correlation NMR spectroscopy fB) 
spectra of SVA glucuronide. 

Only key protons are identified in both spectra. 

glucuronides. Under the HPLC conditions used for LC-NMR in this 
study, the full-widtb-at-half-height LC peak volumes for the glucu- 
ronidcs of SVA, CVA, and AVA were 156, 75, and 69 /ul, respec- 
tively, which contained —10 to 15 /ig of the conjugates in the active 
volume of the flow cell. The results described below support the 
conclusion that the glucuronide conjugates of these statins formed 
upon incubation with dog liver microsomes are 0-1-CJ-acyl glucu- 
rcmides (Fig. 1). The anomeric proton (labeled 1"*) of SVA glucuro- 
nide exhibits a 'H chemical shift of 5.48 ppm (Figs. 3, A and B; Table 
I ). Through-bond proton connectivities of the heptanoic acid side 
chain and the glucuionide moiety in SVA glucuronide are shown in 
Fig. 3B and were identified by total correlation NMR spectroscopy 
(Summers et nl., 1986). Similar to the SVA glucuronide. the anomeric 
protons of the glucuronide conjugates of CVA and AVA have a s H 
chemical shift of 5.5 1 and 5.53 ppm, respectively. For all three statins, 
the 1"' proton was a doublet with a scalar coupling constant of 8. 1 or 
8.3 Hz indicative of a /3-anomer. The 1"' chemical shifts are consistent 
with an acyl glucuronide rather than an ether glucuronide at the 3 or 
5 positions since die anomeric proton in an alkyl ether glucuronide 
would have a 6 < 4.5 ppm (Boberg et aJ., 1998). Relative to the parent 
statin, protons at position 2 (a to the carboxyl group) also underwent 
a concomitant downflcld shift in the glucuronide conjugate (Table 1). 

NMR also indicated that all three statin glucuronides were in the 
open acid form. Protons 3 find 5 have distinct chemical shirts char- 
acteristic of the lactone or the hydroxy acid form. For example, 



protons 3 and 5 appeared in SV (the lactone form of SVA) at 4.25 and 
4.64 ppm. respectively, and in SVA at 4.19 and 3.58 ppm, respec- 
tively. The chemical shirts of methine protons 3 and 5 (Table I) are 
indicative of the open acid forms in all three statin glucuronides. The 
chemical shifts of protons in the remainder of the statin molecules 
were practically unchanged. 

Metabolism of Statins by Human Liver Microsomes, As was the 
case with dog liver microsomes, formation of the statin acyl glucuro- 
nide and the corresponding lactone in human liver microsomes was 
dependent on the presence of both microsomal protein and UDPGA. 
Due to the app«-irent instability of the acyl glucuronides of the three 
statins studied, the sum of the acyl glucuronide and the corresponding 
lactone was used to calculate rates of total glucuronidation for each 
statin. For all three statins, formation rates of the acyl glucuronide 
cotrjugates -f the lactones in 10 human livers exhibited 3- to 6- fold 
variation and were higher with CVA than with SVA or AVA in most 
livers (Fig. 4). On average, the summed rates of glucuronidation + 
lactonization were 32 ± 13, 44 ± 27, and S8 ± 32 pmoFmin/mg of 
protein for SVA, AVA, and CVA, respectively. The formation rates of 
glucuronide + lactone of AVA seemed to correlate with that of CVA 
(r 2 , 0.7). However, no correlation was observed for the rates of 
glucuronidation + lactonization between SVA and CVA or between 
SVA and AVA (r 2 , <0.2). 

Metabolism of Statins by Recombinant UGT Isoforms. Studies 
on the metabolism of statins by commercially available human re- 
combinant UGT isofoims indicated that both UGT 1 At and UGT I A3 
catalyzed the formation of acyl glucuronide conjugates of S VA, AVA, 
and CVA. As was the case in the liver microsomal preparations, 
formation of the corresponding lactones also was observed with 
UGT1A1 and UGT I A3 in the presence of UDPGA. Per milligram of 
protein, the rale of glucuronidation and lactonization of SVA, AVA, 
or CVA was approximately the same tor UGT.1A1 (5-7 pmol/min/ 
mg) and I A3 (2 pmol/min/mg) under the experimental conditions 
used. All other UGTs tested (UGTIA4, UGT1A6, UGT2B7, and 
UGT2B15), as well as the control microsomes, failed to produce 
either the glucuronide or the lactone of any statin to appreciable extent 
(<0.5 pmol/min/mg). 

Kinetic Studies. The rates of formation of die acyl glucuronide 
conjugates and the lactones of the three statins in human, dog, and rat 
liver microsomes were best described by single-enzyme Michaelis-Men- 
ten kinetics over the substrate concentration range studied (Figs. 5, A C). 
In the case of SVA, species differences were observed in the kinetics of 
UDPGA-dependent metabolism. In dogs, this reaction was mediated by 
an enzyme(s) of higher affinity and capacity than thai in humans but of 
comparable aftinity and higher capacity than that in rats (Table 2). As a 
result, die CL int of SVA glucuronidation + lactonization was -4- to 
35-fold higher in dogs than in rats and humans, respectively. In contrast, 
species differences were not as marked for the UDPGA-dependent me- 
tabolism of AVA and CVA; the CL iM ranged from 2 to 6 ^Fmin/mg in 
all three species (Table 2). The glucuix3nidation of AVA was mediated by 
UGTs with high affinity (K nv —10-15 /iM) in all species examined. In 
human liver microsomes, the rate of glucuronide + lactone formation 
was lower for SVA (0.4 /al/min/mg) than tor either AVA or CVA 
(2.9 -3.3 jxl/min/mg). 

Stability of SVA Acy] Glucuronide. The SVA acyl glucuronide 
isolated from in vitro incubations (Fig."6A) was found to be relatively 
stable at 5 C 'C in buffers over pH 4 to 5.6 for at least 8 h aAer isolation 
(Figs. 6B and 7). At pH values of 7 or higher, the isolated acyl 
gl ucuronidc converted rapidly to SV (Figs. 6, C and D r and 7). In fact, 
formation of SV was observed in the first injection done immediately 
after the isolated glucuronide fraction was added to pH 8 buffer. 
Under the conditions (5 a C) and in all buffers tested, there was no 
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FfO. 4. Formation of acyl glucuronide conjugates and lactones of SVA. A VA, ami 
CVA in ituman liver microsomes obtained from 10 differetu individuals. 

Incubations were carried out in duplicate at 37°C for 40 min using liver 
microsomes (1.5 mg/ml) and statins (200 ju,M) with UDPGA (5 mM). 

evidence for the formation of SVA or acyl migration products of the 
glucuronide conjugate of SVA (Pig. 6, B-D). At higher temperatures 
(37°C), however, the glucuronide levels decreased more rapidly, and 
at pM values >S, both SV and SVA were formed (data not shown). 

In Vivo Formation of SVA Acyl Glucuronide in Dogs. In dogs, 
within 24 h following t.v. administration of [ M C]SVA, about 65 and 
5% of total radioactivity was found in bile and urine, respectively. As 
was reported previously (Vickers ct ai., 1990a,b), metabolite profiling 
studies of bile and urine samples indicated that unchanged SVA 
accounted for less than 5% of the total radioactivity recovered, sug- 
gesting that SVA underwent extensive metabolism in dogs. The 
studies also indicated the presence of the acyl glucuronide conjugate 
of SVA and its lactone SV in bile (Fig. 8A). The identity of SVA 
glucuronide in bile was based on the HPLC retention titne, the UV and 
LC-MS spectra, and the formation of free S VA upon treatment with 
/3-glucuronidase. Unlike the chemical degradation process, which led 
to SV, the enzymatic hydrolysis of SVA glucuronide resulted in 
unchanged parent SVA (Fig. SB). Using the present bile collection 
scheme, the acyl glucuronide (--20% of dose) and SV ("-14% of 
dose) were among major metabolites in bile, accounting for about 
—30 and -20%, respectively, of the total radioactivity recovered 
(Table 3). As was the case in vitro, levels of the acyl glucuronide 
conjugate in bile decreased, and concentrations of SV increased when 
samples of bile were allowed to stand or when an aliquot of bile 
(which was initially buffered to pH 4.5 to prevent degradation) was 
treated with sodium hydroxide to pH 7 (Fig. 8C). 

Discussion 

This article provides the first experimental evidence for the glucu- 
ronidation of SVA, AVA, and CVA in liver microsomal preparations 
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FlO. 5. Formation of acyl glucuronide conjugates and lactones of SVA (A). AVA 
(B), and CVA (C) in dog. rat. and human liver microsomes as a function of the 
s ubs trute. concentration. 

Incubations were carried out in duplicate at 37°C for 40 min using liver microtomes 
(1.5 2 mg'ml) and various concentrations of statins with UDPGA (5 mM). 

from animals and humans and of glucuronidation of SVA in vivo in 
dogs. To date, only glucuronide conjugates of CVA, but not AVA and 
SVA. have been documented in dog bile (Boberg et al.. 1998). 
whereas significant lactone formation was reported to occur in vivo 
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FlG. 6. Representative HFLC-UV profiles of a dog liver microsomal incubate 
with SVA (200 p,M) and l/DPCA O mM) (A), an isolated fraction of SVA 
glucuronide collected in pit 4 buffer (B), an isolated fraction of SVA glucvronide 
collected in pti 7 buffer (C), am J art isolated fraction of SVA glucuronide 
" collected in pit H buffer (D). 

AU, absorbance unit. 

following administration of SVA or CVA to dogs (Vickers et al., 
1990a; Boberg et al., 1 998) and of CVA and AVA to humans (Kantola 
et al., 1998, 1999). Thus far, the lactonizarion of statins generally has 
been attributed to cyclization of acyt-CoA ihioester intermediates 
(Haipin ei al., 1993; Boberg et al., 1998) and to chemical equilibration 
processes (Kantola el al., 1999), and the former pathway has been 
confirmed recently in vitro tPrueksaritanont et al., 2001). Based on the 
present in vitro and in vivo results, wc hypothesize that the lack of 
reports on glucuronidation of SVA and AVA (and possibly other 
statin acids) most likely is a consequence of the relative ease of 
spontaneous cyclization of the statin acyj glucuronides and that the 
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glucuronidation pathway contributes, at least in part, to the formation 
of statin lactones. 

In the current study, LC-NMR techniques were used to characterize 
the aeyl glucuronide conjugates of three statins. LC-NMR is well 
suited to such applications since it has been demonstrated to be a 
powerful nondestructive tool for the structural characterization of 
unstable metabolites (I.indon et al., 2000). In the in vitro experiments, 
it was shown that the formation of each statin lactone was dependent 
on the presence of both microsomal protein and UDPGA, suggesting 
that iactonization of the statin hydroxy acid was mediated by glucu- 
ronidation followed by elimination of the glucuronic acid moiety. This 
giucuronidation-dependent Iactonization was later confirmed when it 
was found that SVA glucuronide converted rapidly to SV upon 
standing. Since the glucuronide-to-laetone conversion occurred 
readily in the physiological pH range (pH 7-8), this mechanism has 
in vivo relevance and probably contributes to the formation of SV 
from SVA in vivo. Lactonization by the glucumnidation pathway also 
is expected to occur lor AVA and CVA since both compounds 
undergo significant glucuronidation and lactonization under the same 
in vitro incubation conditions. In addition, the acyi glucuronide con- 
jugates of these statins also were unstable and underwent conversion 
primarily to the corresponding lactone forms upon standing. In the 
case of CVA, the glucuronide conjugate was found to undergo hy- 
drolysis to regenerate the parent statin at pH 7.4 or above (data not 
shown). The data suggest that, in vivo. CVA glucuronide would 
undergo conversion to CVA in addition to lactonization to CV. It is 
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TABLE 3 

Recovery ofSVA metabolites and total radioactivity in bite collected during 0 to 
JO h after aebninistration of [ t4 C)SVA (J. 2 mg/kg i.v.) to dogs 

Recovery 
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SVA-Ghicnrcmide 


SVA 
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% of r jos* 






1 


14.2 


1.0 


14.7 


52.9 


3 


19.8 


0.9 


14.9 


56,4 


3 


26.9 


0.7 


12.8 


77.9 


Mean 


20.3 


0.9 


M.l 


62.4 


S.D. 


6.4 


0.2 


1.2 


13.5 



noteworthy that the acyl glucuronide conjugates of these statins, at 
physiological pH, preferentially undergo lactonization compared with 
acyl migration, a process commonly observed for acyl glucuronides of 
numerous carboxylic acid-containing compounds (Spahn-Langguth, 
1992). It was also found that all statin glucuronides were converted to 
their respective parent acids when treated with /^-glucuronidase. 

Although two isomeric ether- linked glucuronides of CVA, conju- 
gated by the two hydroxy! groups of the heptenoic side chain, were 
identified following the administration of CVA to dogs (Boberg et al., 
1998), these conjugates were not delected at significant levels under 
the present liver microsomal incubation conditions to allow definite 
characterization. Similarly, glucuronide conjugates other than the acyl 
glucuronide were not. formed to any appreciable extent when SVA or 
AVA was incubated with liver microsomal preparations or when SVA 



was administered to dogs. In recombinant UGT systems, the acyl 
glucuronide also was a major metabolite for each statin. Considering 
that the total glucuronidation (glucuronide + lactone formation) of 
SVA did not correlate with that of AVA or CVA in the 10 human 
livers examined in this study, UGTs other than UGTIA1 and 1A3 
might also be involved in the glucuronidation of these statins in 
human liver microsomes. Based on the kinetic studies with human 
liver microsomes, which showed apparently monophasic characteris- 
tics, these responsible UGTs may posses K m values in a comparable 
range to those observed in human liver microsomes. 

The relevance of the in vitro findings in dog liver microsomes to the 
in vivo situation was addressed in studies on the glucuronidation of 
SVA in the dog. Consistent with the in vitro results, the biliary 
recovery of SVA glucuronide following administration of [ l4 C]SVA 
to dogs was substantial, accounting for about 20% of an i.v. dose. 
Indeed, this figure of 20% may underestimate the fraction of the dose 
converted to the conjugate if hydrolysis or lactonization occurred to 
regenerate SVA or to form SV, respectively. The present in vitro 
finding of more efficient gluctiroiridation in liver microsomes ob- 
tained from dogs than rats also is in agreement with our preliminary 
in vivo studies, which showed higher biliary levels of SVA glucuro- 
nide + SV in dogs than in rats following i.v. administration of 
[ l4 C]SVA (data not shown). Thus, it may be anticipated that the 
formation of SVA glucuronide following SVA administration proba- 
bly would be lower in humans than in dogs. In contrast, based on the 
present in vitro results, it would not be anticipated that marked species 
differences in the rates of glucuronidation of AVA and CVA would 
occur in vivo. In this regard, it is important to point out that in dogs, 
the combined biliary recoveries of CVA glucuronide (—5%) and the 
corresponding lactone CV (18%) accounted for >20% of the ir> 
traduodenal dose (Boberg et al., 1998) and that relatively high levels 
of CV and lactone metabolites thereof were observed following ad- 
ministration of CVA to humans (Jemal et al., 1999; Kantola et al., 
1999). In the case of AVA, the areas under the plasma concentration 
versus time curves of the lactone (AV) also were high and similar to 
those of AVA following AVA administration to healthy subjects 
(Kantola et al., 1998). Unfortunately, published in vivo data are not 
available to permit a comparison between the rates of AVA glucu- 
ronidation and lactonization in animals or between the amounts of 
CVA and AVA glucuronides and then lactones formed in humans. 

The present study suggests that, in addition to the well known 
P450-mediated oxidation (Wang et al., 1991; Boberg et al., 1997; 
Prueksaritanont et al., 1997) and /3-oxidation processes (Vickers et al., 
1990b; Halpin et al., 1993; Boberg et al., 1997; Black et al., 1999; 
Prueksaritanont et al., 2001), glucuronidation constitutes a common 
metabolic pathway for statins. Quantitatively, there seem to be dif- 
ferences in the relative contributions of these pathways to the metab- 
olism of different statins in different species. For most statins, 0-ox- 
idation has been shown to be a major pathway in rodents (Arai et al., 
1988; Vickers et ah, 1990a; Halpin et al., 1993; Black et al., 1998: 
Boberg et al., 1998; Black et al., 1999), whereas in humans, P450- 
mediated oxidative metabolism has been regarded as a major pathway 
of biotransformation (Igel et al., 2001). However, based on the find- 
ings of the present study, this assumption may not be valid for all 
statins and is particularly unlikely to bold true in the case of CVA, 
which is a low-clearance compound in humans (Muck, 2000). In 
support of the latter point, our preliminary study using human liver 
microsomes fortified with NADPH (Prueksaritanont et al., 1999) 
showed that the CL inl of CVA oxidative metabolism ( 10 /utl/min/mg 
of protein) was in a comparable range to the CL in , of glucuronidation, 
whereas that of AVA oxidation ('-50 ^.l/min/mg of protein) (data not 
shown) was much higher thin the value for UDPGA-dependent me- 
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tabolism (Table 2). In the case of AVA, the value for the CL, nt under 
oxidative conditions (in the presence of NADPH) in our study was 
comparable to that reported in the literature (—80 /j.l/min/mg; Jacob- 
son et al., 2000). 

The present results also suggest that the metabolism of statins is 
complex, involving acid/lactone interconversion by various pathways, as 
proposed in Fig. 9. The statin lactones are hydrolyzed to their open acids 
chemically or enzymaticaily by esterases or the newly identified para- 
oxonases (Vickers et al, 1990a; Billecke et al., 2000; Draganov et al., 
2000). The statin acids are converted to the corresponding lactones by the 
acyl glucuronide intermediate, as demonstrated in this study, and by the 
CoASH-dependent pathway (Prueksaritanont et al., 2001). Both acyl 
glucuronide and acyl CoA derivatives may revert to the statin acids by 
hydrolysis. Similar considerations apply to oxidative metabolites of the 
statins. Indeed, the lactone forms of oxidative metabolites of CVA and 
glucuronide conjugates of the oxidative metabolites of CVA and AVA 
have been identified in animals and/or humans following administration 
of CVA and AVA, respectively (Le Coutcur et al., 1996; Boberg et al, 
1998; Black et al., 1999). Jacobson et al. (2000) recently hypothesized 
that most of the hydroxy acid metabolites present in human plasma 
following AVA administration are converted from metabolites of AV 
(following lactonization of AVA), which arc formed by CYP3A. In the 
latter study, the mechanism responsible for the lactonization of AVA was 
thought to be of a chemical nature, and no data on in vivo formation of 
AV metabolites were provided. 

Overall, the present study demonstrates that, in addition to the well 
known P450-mediated oxidation and /3-oxidation processes, glucu- 
ronidation also is a common metabolic pathway for the three statins 
examined. Additionally, this study provides evidence that glucu- 
ronidation may play an important role in mediating the lactonization 
of statins in vivo, and highlights the complexities of statin metabolism 
associated with hydroxy acid/lactone intercon version. This intercon- 
version process clearly will need to be taken into account in assessing 
mechanistic aspects of drug-drug interactions involving statins. 
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Table 2 



Oral Consumption of H. rosea Dried Leaf Powder Lowers Triglyceride Levels 

in Human Subjects 



Year 

2000 2001 2002 2003 2004 

Subject # 



1 


103 




97 




78 


2 


124 


99 


67 


48 


37 


3 


109 


98 


86 


83 


69 


4 


204 


198 


187 


171 


154 



Triglyceride Levels (mg/dL) 



The ages of the subjects used in this study range from 35-60 years. The subjects 
orally consumed 300 mg dried leaf powder as a supplement three times daily. 



The above table represents additional data in 4 human subjects with 5 data points 
in 3 of the subjects and 3 data points in 1 subject. 
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LSN862 is a novel peroxisome proliferator-acti- 
vated receptor (PPAR)**/y dual agonist with a 
unique in vitro profile that shows improvements on 
glucose and lipid levels in rodent models of type 2 
diabetes and dyslipidemia. Data from in vitro bind- 
ing, cotransfection, and cofactor recruitment as- 
says characterize LSN862 as a high-affinity PPARy 
partial agonist with relatively less but significant 
PPARa agonist activity. Using these same assays, 
rosiglrtazone was characterized as a high-affinity 
PPAR-y full agonist with no PPARa activity. When 
administered to Zucker diabetic fatty rats, LSN862 
displayed significant glucose and triglyceride low- 
ering and a significantly greater increase in adi- 
ponectin levels compared with rosiglitazone. Ex- 
pression of genes involved in metabolic pathways 
in the liver and in two fat depots from compound- 
treated Zucker diabetic fatty rats was evaluated. 
Only LSN862 significantly elevated mRNA levels of 
pyruvate dehydrogenase kinase isozyme 4 and bi~ 
functional enzyme in the liver and lipoprotein lipase 
in both fat depots. In contrast, both LSN862 and 



rosiglitazone decreased phosphoenol pyruvate 
carboxy kinase in the liver and increased malic en- 
zyme mRNA levels in the fat In addition, LSN862 
was examined in a second rodent model of type 2 
diabetes, db/db mice. In this study, LSN862 dem- 
onstrated statistically better antidiabetic efficacy 
compared with rosiglitazone with an equivalent 
side effect profile. LSN862, rosiglitazone, and fe- 
nofibrate were each evaluated in the humanized 
apoA1 transgenic mouse. At the highest dose ad- 
ministered, LSN862 and fenofibrate reduced very 
low-density lipoprotein cholesterol, whereas, ros- 
iglitazone increased very low-density lipoprotein 
cholesterol. LSN862, fenofibrate, and rosiglitazone 
produced maximal increases in high-density lipopro- 
tein cholesterol of 65, 54, and 30%, respectively. 
These findings show that PPAR-y full agonist activity 
is not necessary to achieve potent and effica- 
cious insulin-sensitizing benefits and demon- 
strate the therapeutic advantages of a PPARa/y 
dual agonist IjMoiecular Endocrinology 19: 1593-1605, 
2005) 



BY THE YEAR 2025, more than 300 million individ- 
uals worldwide will suffer from type 2 diabetes. 
This epidemic will be followed closely by a wave of 
cardiovascular disease, as diabetes is not just a dis- 
ease characterized by elevated blood glucose levels 
but is also a serious vascular disease with poor prog- 
nosis. One important cardiovascular risk factor in type 
2 diabetes is dyslipidemia, which is characterized by 
decreased high-density lipoprotein cholesterol (HDL- 
C), elevated very low-density lipoprotein cholesterol 
(VLDL-C), and an abundance of small, dense low- 
density lipoprotein cholesterol (LDL-C) (1). Unfortu- 
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nately, glycemic control with diet, oral hypoglycemic 
agents, and insulin is often only partially effective in 
normalizing lipid levels in individuals with type 2 dia- 
betes (2). 

Two classes of compounds, the thiazolidinediones 
(TZDs) and fibrates, were empirically discovered by 
their abilities to improve insulin sensitivity and lipi- 
demia, respectively, in rodent models. The TZDs re- 
duce both hyperglycemia and the compensatory hy- 
perinsulinemia but exert only marginal effects on 
plasma lipid parameters in patients with type 2 diabe- 
tes (3). In contrast, the fibrates are effective at lowering 
plasma triglycerides and free fatty acids and increas- 
ing favorable HDL-C via increased clearance and de- 
creased synthesis of VLDL-C (4). In addition, fibrates 
have been shown to improve glycemic control in pa- 
tients with type 2 diabetes (5, 6). 
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Table 1. PPAR Binding and Cotransfection Profiles for 
LSN862 



Fig. 1. LSN862: A 2-Methoxydihydrocinnamic Acid-Based 
PPARct/y Dual Agonist 



The recent discovery that peroxisome proliferator- 
activated receptor (PPAR)y and PPARa are the pri- 
mary targets for TZDs and fibrates, respectively (7, 8), 
has provided chemists and biologists with the neces- 
sary information and tools to apply target-directed 
approaches to optimize drug candidates. Using this 
approach, compounds can be identified and studied 
that have both PPARa and PPARy agonist properties 
(PPARa/y dual agonists), which combine the benefits 
, of a TZD plus a fibrate in a single molecule. Further 
compounds with partial agonist vs. full agonist activity 
can be designed and studied for their potential thera- 
peutic benefits. 

In the present study, a non-TZD PPAR ligand (Fig. 1) 
was fully characterized for its PPARy, PPARa f and 
PPAR 5 binding and agonist activity in vitro and poten- 
tial antidiabetic and lipid-altering properties in rodent 
models of type 2 diabetes and dyslipidemia, 
respectively. 



RESULTS 

in Vitro Characterization of LSN862 

Competitive binding assays were used to determine 
the affinity of LSN862 for PPARy, PPARa, and PPAR5, 
and standard cotransfection (CTF) assays were used 
to determine the potency and efficacy of agonist ac- 
tivity. As shown in Table 1 , LSN862 is a high-affinity 
[dissociation constant (Kj) = 7.0 nivi], potent (EC 50 = 
239 nM) PPARy agonist (77% efficacy) with relatively 
less, but significant affinity (Kj - 770 hm) and agonist 
activity (EC 50 « 2622 nM; 35% efficacy) on PPARa. 
This degree of PPARa affinity is greater than that of 
two well-studied PPARa agonists, fenofibrale (Kj > 

Abbreviations: AOX, acyl coA oxidase; ASC-2, activating 
signal cointegrator-2; BIFEZ, bifunctional enzyme; CBP, 
cAMP response element-binding protein (CREB)-binding 
protein; CoA, coenzyme A; CTF assay cotransfection assay; 
hApoAl, humanized apolipoprotein A1; HDL-C, high-density 
lipoprotein cholesterol; LPL lipoprotein lipase; PDK4, pyru- 
vate dehydrogenase kinase isozyme 4; PEPCK, phosphoenol 
pyruvate carboxykinase; PGC-1, PPARy coactivator-1 ; 
PPAR, peroxisome proliferator-activated receptor; PPRE, 
PPAR response element; TRAP, thyroid hormone receptor- 
activated protein; TZD, thiazolidinedione; UCP S uncoupling 
protein; VLDL-C, very low-density lipoprotein cholesterol; 
ZDF rat, Zixker diabetic fatty rat. 



Receptor 


Binding Assay 
K, (nw) 




CTF Assay 




Mean 


Sc 


Efficacy (%f 
Mean si 


EC S0 
Mean 


s-: 


hPPARy 


7 


2 


77 


4 


239 


40 


hPPARa 


770 


156 


35 


2 


2622 


94 


hPPARS 


4123 


163 


0 


0 


NC 


NC 



NC, Not calculated; hPPAR. human PPAR. 

0 Reference compounds: rosiglitazone for PPARy; LG0070660 

for PPARa and PPAR<5. 



10,000 nM) and WY1 4,643 (K, - 9,570 nM) when ex- 
amined in the same assays (data not shown in table). 
LSN862 displayed low affinity for PPAR5 (K, - 4123 
nM) with no agonist activity detected. The standard 
PPARy CTF assay uses a trimeric PPAR response 
element (PPRE) from the acyl-coenzyme A (CoA) oxi- 
dase (AOX) gene. To further explore the PPARy ago- 
nist potential of LSN862, additional CTF assays were 
performed using trimeric PPREs from promoters of the 
lipoprotein lipase (LPL) and enoyl-CoA hydratase/3- 
hydroxyacyl-CoA dehydrogenase (bifunctional en- 
zyme, BIFEZ) genes. In addition, LSN862 was exam- 
ined in a PPARy, yeast galactosidase (GAL4) chimeric 
CTF assay. In ail PAPRy CTF assays, rosiglitazone 
served as a standard with efficacy set at 1 00%. Inter- 
estingly, LSN862 showed less agonist activity on all 
PPREs compared with rosiglitazone (Table 2) with 
PPARy partial agonist activity demonstrated regard- 
less of the PPRE used in the CTF assay (Fig. 2). These 
data demonstrate that although LSN862 is a high- 
affinity ligand for PPARy, it functions as a PPARy 
partial agonist relative to a full agonist like rosiglita- 
zone. LSN862 was also examined for activity on other 
nuclear hormone receptors. Results from these stud- 
ies showed that LSN862 is selective for the PPARs 
with no activity on the retinoic acid receptor, retinoid X 
receptor, liver X receptor, famesoid X receptor, and 
pregnane X receptor (data not shown). 

To further characterize LSN862, PPARy cofactor 
recruitment assays were performed using the follow- 
ing cofactors: cAMP response element-binding pro- 
tein (CREB)-binding protein (CBP), peroxisome prolif- 
erator-activated receptor y coactivator-1 (PGC-1), 
activating signal cointegrator-2 (ASC-2), thyroid hor- 



Table Z Efficacy Values from PPARy CTF Assays Using 

Various PPREs 

PPREs 



LPL 



BiFFZ 



GAL4 



Mean c-e Mean ss Mean 



LSN862 (% efficacy) 78 5 64 4 62 5 

Rosiglitazone (% efficacy) 100 100 100 
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Fig. 2. Representative Dose-Response Curves, from CTF 
Assays 

Rosiglitazone (squares) and LSN862 (triangles) were each 
examined in full log dilution from 0.1 nM to 10 hjm. Dose- 
response curves from a BIFEZ (A) and AOX (B) CTF assay are 
shown. 



an equivalent dose of rosiglitazone (3.0 mg/kg per day) 
were each administered to ZDF rats for 7 d. Plasma 
glucose, triglycerides, and adiponectin levels were de- 
termined before the study began (d - 1) and at the end 
of the study (d 7). Rosiglitazone decreased glucose 
and triglyceride levels at both doses examined, with 
LSN862 at 3.0 mg/kg per day achieving the same 
degree of efficacy as rosiglitazone at 10.0 mg/kg per 
day on both glucose and triglyceride lowering (Fig. 3 f 
A and B). Adiponectin levels increased as expected 
and appear to reflect the glucose-lowering abilities of 
LSN862 and rosiglitazone; although, interestingly, the 
adiponectin elevation for LSN862 at 3.0 mg/kg per day 
was significantly greater than the equally efficacious 
dose of rosiglitazone (10 mg/kg per day, Fig. 3C). 

Because mouse models of type 2 diabetes are often 
used to explore the side effect profile of PPAR ligands, 
LSN862 was also evaluated in db/db mice. LSN862 
and rosiglitazone were each administered orally to 
db/db mice at 30 mg/kg per day for 7 d. LSN862 
produced a statistically greater decrease in glucose 
levels (P = 0.003), a trend for better triglyceride lowering 
(P = 0.065), and equivalent body weight gain (P 0.875) 
compared with rosiglitazone (Fig. 4, A-C). These data 
suggest that at equivalent glucose lowering, less weight 
gain would be seen after LSN862 administration. 



mone receptor-activated protein complex (TRAP220), 
and the peptide C33. Rosiglitazone served as the 
standard in these assays, and recruitment of cofactors 
to PPAR7 by rosiglitazone was set at 100%. As seen 
in Table 3, LSN862 showed a distinct pattern of co- 
factor recruitment compared with rosiglitazone with 
equivalent recruitment of ASC-2 and C33, and less 
recruitment of CBP, PGC-1 , and TRAP220. Consistent 
with the distinct agonist activity of LSN862 seen in the 
CTF assays, LSN862 does not function as a full PPARy 
agonist like rosiglitazone in cofactor recruitment. 

Antidiabetic Activity of LSN862 

A study in Zucker diabetic fatty (ZDF) rats was done to 
investigate the antidiabetic properties of LSN862. Be- 
fore the study described here, the maximally effica- 
cious doses for glucose lowering of LSN862 and ros- 
iglitazone in ZDF rats were determined to be 3.0 and 
10,0 mg/kg per day, respectively. In the present study, 
maximally efficacious doses of LSN862 (3.0 mg/kg per 
day) and rosiglitazone (1 0 mg/kg per day) along with 



in Vivo Molecular Activity of LSN862 

To gain an understanding of the antidiabetic mecha- 
nism of LSN862, expression of candidate genes in- 
volved in metabolic pathways in the liver and two fat 
depots (visceral and epididymai) were investigated. 
The tissue samples used for these studies were pro- 
cured from the ZDF rat study described above. Ad- 
ministration of equally efficacious doses of LSN862 
(3.0 mg/kg per day) and rosiglitazone (10.0 mg/kg per 
day) led to a similar decrease in expression of phos- 
phoenol pyruvate carboxylase (PEPCK) in the liver 
(Fig. 5A), the enzyme responsible for the rate-limiting 
step in the gluconeogenesis pathway. In contrast, reg- 
ulation of pyruvate dehydrogenase kinase isozyme 4 
(PDK4) and BIFEZ in the liver by LSN862 and rosigli- 
tazone was very different compared with that seen for 
PEPCK. A statistically significant decrease in PDK4 
expression was produced with rosiglitazone, whereas 
a large increase in expression of PDK4 was seen with 
LSN862 (Fig. 5B). A similar pattern was seen for reg- 
ulated expression of BIFEZ in the liver (Fig. 5C). 



Table 3. Efficacy Values for Recruitment of Cofactors to PPAR7 

Cofactors 



CBP PGC-1 TRAP ASC-2 C33 

Mean se Mean se Mean si- Mean se Mean ss 

LSN862 (% efficacy)- 56 5 66 14 75 5 106 3 97 3* 

Rosiglitazone (% efficacy) 100 100 100 100 100 
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Fig. 3. Plasma Glucose, Triglyceride?, and Adiponectin Levels in 2DF Rats after Administration of LSN862 or Rosiglitazone (RG) 
LSN862 (3.0 mg/kg) or rosiglitazone (RG, 3.0 and 10.0 mg/kg) were administered to ZDF rats for 7 d. Blood samples were 
collected the day before the study started, d 1 (□) and on d 7 (■). Plasma samples were analyzed for glucose (A), triglyceride 
(B), or adiponectin (C) 1 h after the last dose. \ P < 0.05 from vehicle group; #, P < 0.05 from RG (10 mg/kg per day). NS, Not 
significantly different (NS 0.05). 
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Fig. 4. Changes in Plasma Glucose, Triglycerides, and Body Weight in db/db Mice after Administration of LSN862 or Rosigli- 
tazone (RG) 

LSN862 (30 mg/kg) or rosiglitazone (30 mg/kg) were each administered to db/db mice once daily for 7 d. Blood samples were 
collected the day before the study started, d - 1 , and 1 h after the last dose on d 7. Changes in plasma glucose (A) and triglyceride 
(8) levels from d -1 to d 7 were determined. Body weight gain (C) was determined by subtracting the weight of each mouse on 
d 1 from its weight on d 7. \ P < 0.05 from vehicle group; #, P < 0.05 from RG. NS, Not significantly different (NS 0.05). 



Downloaded from mend.endojournals.org at Univ of Calif San Diego Serials/Biomedical Lib 0699 on June 22, 2007 



1598 Mot Endocrinol, June 2005 f 19(6): 1593-1 605 



Reifel- Miller et ai • A PP ARy Partial Agonist with PPARq Activity 



A 



u Z 
a. <j> 

ttrs 







* 










>* 

i 


■ 























10mg/kgRG 



3mg/kg LSN862 



vehicle 



B 



If 
a* o 



5 

461 * 





tpmg/kg RG 



3rng/kg LSN862 



vehicle 



5 
I 

It 
ID 5 




1 



vehicle. 



1 0mgftQ RG Smg/kg LSN882 

Fig. 5. Regulation of Liver PEPCK (A), PDK4 (B) t and BIFEZ (C) Gene Expression 

Liver samples from ZDF rats administered an equally efficacious dose of LSN862 (3.0 mg/kg per day) or rosiglitazone (RG, 10.0 
mg/kg per day) were used for analysis of PDK4, PEPCK, and BIFEZ mRNA levels. mRNA was extracted from the liver samples, 
cDNA was synthesized, and RT-PCR was performed as described in Materials and Methods. *, P < 0.05 from vehicle group; #, 
P < 0.05 from RG (10 mg/kg per day). 



Administration of LSN862 led to a significant in- 
crease in BIFEZ expression. A trend toward lowered 
BIFEZ expression was seen with rosiglitazone admin- 
istration, although this finding was not statistically sig- 
nificant. The differences in LSN862- vs. rosiglitazone- 
regulated expression of POK4 and BIFEZ are most 
likely due to the PPARa activity of LSN862. 

Changes in expression of adiponectin, malic en- 
zyme, uncoupling protein 1 (UCP-t), glycerol kinase, 
and LPL were investigated in visceral and epididymal 
fat. As seen in Fig. 6A, administration of LSN862 (3.0 
mg/kg Per day) or rosiglitazone (10 mg/kg per day) for 
7 d led to a large increase in both malic enzyme and 
UCP-1 expression and a smaller, although still statis- 
tically significant, increase in adiponectin and glycerol 1 
kinase expression in visceral fat. Only LSN862 admin- 
istration led to a statistically significant increase in LPL 
expression in visceral fat. Gene expression results 
from the epididymal fat depot were similar to those 
seen in visceral fat after LSN862 administration, 
whereas rosiglitazone produced a statistically signifi- 
cant increase in the expression of only malic enzyme 



(Fig. 6B). Although UCP-1 expression was increased in 
epididymal fat after rosiglitazone and LSN862 admin- 
istration, a fold-induction could not be calculated due 
to the extremely low levels of expression in the vehicle 
control samples. Interestingly, transcription of only 
glycerol kinase was statistically different between 
LSN862 vs. rosiglitazone administration. 

Effect of LSN862 on Lipid Levels 

To determine the effect, if any, of LSN862 on modu- 
lating lipid levels, a study in humanized apolipoprotein 
A1 (hApoAl) transgenic mice was performed. LSN862 
(0.3, 1 .0, 3.0, 10, 30, and 100 mg/kg per day), rosigli- 
tazone (0.3, 1.0, 3.0, 10, 30, and 100 mg/kg per day), 
and fenof ibrate (1 00 mg/kg per day) were each admin- 
istered to hApoAl mice for 7 d. VLDL-C and HDL-C 
were determined using blood samples collected 3 h 
after the last dose. As shown in Table 4, administration 
of LSN862 led to a decrease in VLDL-C and a dose- 
dependent increase in HDL-C reaching a 65% in- 
crease at the 100 mg/kg per day dose. In contrast, 
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Fig. 6. Regulation of Adiponectin, Malic Enzyme, UCP-1, Glycerol Kinase, and LPL Gene Expression in Visceral (A) and 
Epididyrrtal (B) Fat 

Fat samples from ZDF rats administered an equally efficacious dose of LSN862 (3.0 mg/kg per day) or rosiglitazone (RG. 10.0 
mg/kg per day) were used for analysis of adiponectin {ACRP30, CI), malic enzyme (ME, light gray square, UCP-1 (UCP1 , medium 
gray square), glycerol kinase (GK, dark gray square) and LPL (■) rnRNA levels. rnRNA was extracted from the fat samples, cDNA 
was synthesized, and RT-PCR was performed as described in Materials and Methods. \P< 0.05 from vehicle group; #, P < 0.05 
from RG (10 mg/kg per day). 



fenofibrate administration produced a 5% decrease in 
VLDL-C and a 54% increase in HDL-C. Rosiglitazone 
administration led to variable VLDL-C levels and mod- 
est increases in HDL-C with the greatest increase 
produced at the 3.0 mg/kg per day dose. These data 
demonstrate that LSN862 administration led to im- 
provements in the lipid profile of a rodent model of 
dyslipidemia, which likely reflect the PPARa activity of 
this compound. 



DISCUSSION 

In the current report, we describe a new non-TZD 
PPAR ligand, LSN862, and show that it has a unique in 
vitro profile and potent antidiabetic and lipid-altering 
effects when tested in vivo. LSN862 is not a traditional 
PPARy agonist with a TZD structure. 

Results from our in vitro studies show that LSN862 
has a unique profile compared with the well-charac- 
terized PPARy agonist rosiglitazone. LSN862 binds to 
PPARy with high affinity and to PPARu with lower 
affinity. Using standard CTF assays, LSN862 demon- 
strated PPAR7 agonist activity with weaker but signif- 
icant PPARa agonist activity. Very low affinity was 



shown for PPAR3, and no PPAR5 agonist activity was 
detected. By examining LSN862 in PPARy CTF assays 
using a variety of PPREs and in cof actor recruitment 
assays with PPARy and five different cofactors, a 
broader, more detailed in vitro profile was revealed. 
Results from these studies show that LSN862 has a 
distinct pattern of activity compared with rosiglitazone 
functioning as a PPARy partial agonist in CTF assays 
with differential agonist activity (partial and full agonist 
activity) displayed in cofactor recruitment assays. Al- 
though it would be easy to speculate that the CTF and 
cofactor data are related, i.e. lower agonist activity on 
the BIFEZ PPRE may be due to the inability to recruit 
CBP, the data have not been compiled to make this 
type of correlation. The PPARy partial agonist activity 
of LSN862 may become a distinct advantage for this 
compound because a number of studies have shown 
that PPARy partial agonists including selective PPAR 
modulators have improved side effect profiles com- 
pared with full agonists (9-14). These reports are con- 
sistent with our findings in db/db mice, which demon- 
strate that LSN862 has better antidiabetic efficacy 
with the same weight gain and suggest that at equiv- 
alent glucose-lowering doses, LSN862 administration 
would lead to less weight gain compared with rosigli- 
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Table 4. Summary of VLDL-C and HDL-C Values from hApoAl Mice 







VLDL 


/w vh lev iyu 


HDL 


% Change 


Compound 


Dose 


(mg/'di) 


from Control 


{mg/dl) 


from Control 


Control 


0 


30 




217 




Feno 


100 


29 


-5 


333 


54 


LSN862 


0.3 


29 


5 


240 


11 


LSN862 


1 


26 


-13 


246 


13 


LSN862 


3 


29 


-5 


281 


30 


LSN862 


10 


27 


-11 


313 


44 


LSN862 


30 


28 


-7 


318 


47 


LSN862 


100 


25 


-18 


357 


65 


Rosiglitazone 


0.3 


32 


5 


241 


11 


Rosiglitazone 


1 


30 


0 


246 


14 


Rosiglitazone 


3 


32 


4 


282 


30 


Rosiglitazone 


10 


29 


-3 


240 


11 


Rosiglitazone 


30 


33 


9 


245 


13 


Rosiglitazone 


100 


42 


37 


270 


25 


Feno, Fenotibrate. . 



tazone. Although others have reported on the devel- 
opment of a PPARy partial agonist for the treatment of 
type 2 diabetes (12, 14), this is the first report to 
describe a compound with PPARy partial agonist plus 
PPARa activities. 

Although the PPARa affinity and agonist activity of 
LSN862 appears weak compared with its PPAR y ac- 
tivity, the affinity of LSN862 for PPARa is greater than 
that of the well-characterized PPARa agonists, feno- 
fibrate and WY1 4,643. In addition, beneficial in vivo 
effects were seen, which are most likely due to the 
PPARa activity of LSN862. These PPARa-mediated 
contributions will be discussed below. 

LSN862 functions as a potent and efficacious an- 
tidiabetic agent. In ZDF rats and db/db mice, rodent 
models of type 2 diabetes, LSN862 normalized glu- 
cose and triglyceride levels. Some of the antidiabetic 
activity of LSN862 may be due to its PPARa activity. 
Recent findings have shown that activation of PPARa 
leads to improved whole-body and muscle insulin re- 
sistance and hyperinsulinemia in various animal mod- 
els of type 2 diabetes and insulin resistance (15-19). In 
addition, other investigators have shown that treat- 
ment with a PPARo/y dual agonist results in reduced 
circulating insulin and improved insulin sensitivity to a 
greater extent than treatment with rosiglitazone (20), 
although, the underlying mechanisms responsible for 
this enhanced antidiabetic activity remain unclear. 

Adiponectin levels were elevated after both LSN862 
and rosiglitazone administration, although the levels 
were statistically higher with LSN862 administration at 
an equally efficacious dose. The greater adiponectin 
response is not due to the additional PPARa activity of 
LSN862, as we have examined the adiponectin pro- 
moter in CTF assays and have shown that it is not 
activated by PPARa .agonists (Gillespie G., unpub- 



lished observations). It is possible that the additional 
adiponectin effect is due to the PPARy partial agonist 
activity of LSN862; however, very little is known at this 
time regarding the mechanism for PPARy-induced 
adiponectin expression. Regardless, the substantial 
increase in adiponectin could give LSN862 unique 
advantages according to recent reports describing 
adiponectin's antiinflammatory (21) and antidiabetic 
effects without increasing body weight (22-24). 

Expression of candidate genes in liver and fat were 
investigated to gain a better understanding of the mo- 
lecular mechanisms underlying the therapeutic activity 
of LSN862. In the liver, LSN862 and rosiglitazone both 
reduced expression of PEPCK, the enzyme responsi- 
ble for the rate-limiting step in gluconeogenesis. These 
findings are consistent with those of others who have 
reported that PPARy agonists decrease PEPCK 
mRNA levels in streptozotocin-treated rats (25) and 
rodent models of type 2 diabetes (20, 26). The de- 
crease in PEPCK expression suggests a molecular 
explanation for the findings that PPARy agonists re- 
duce hepatic glucose output (27, 28). The decrease in 
PEPCK expression may not be a direct effect of 
LSN862 but rather a secondary effect due to the in- 
crease in insulin sensitivity or elevated adiponectin 
levels (22). 

Interestingly, LSN862 increased expression of 
PDK4 approximately 4-fold in the liver, whereas ros- 
iglitazone decreased the expression of this enzyme. 
PDK (of which there are four isozymes) and pyruvate 
dehydrogenase phosphatase (of which there are two 
isozymes) control the flux of pyruvate through the 
pyruvate dehydrogenase complex (29-33). Up-regula- 
tion of PDK4 inactivates the pyruvate dehydrogenase 
complex, which blocks pyruvate oxidation and con- 
serves lactate and alanine for gluconeogenesis; in 
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contrast, a down-regulation of PDK4 allows complete 
oxidative decarboxylation of pyruvate to reduced nic- 
otinamide adenine dinucleotide, acetyl-CoA, and C0 2 
in oxidative tissue or to the synthesis of lipids in lipo- 
genic tissues. PPARa agonists have been shown to 
increase the expression of PDK4 in heart, kidney, skel- 
etal muscle, and liver (34). Thus, elevation of PDK4 
expression in the liver by LSN862 is most likely due to 
the PPARa agonist activity of this compound. Treat- 
ment with LSN862 also increased the expression of 
BIFEZ, the enzyme that catalyzes the second step in 
the ^-oxidation pathway of fatty acid metabolism (35), 
whereas rosiglitazone administration did not statisti- 
cally affect expression of this enzyme. These data 
indicate that LSN862, like the PPARa activating fi- 
brates, stimulates peroxisomal fatty acid oxidation. 

Because PPARy is expressed at high levels in most 
fat depots, expression of genes was evaluated in vis- 
ceral and epididymal fat from the ZDF rat study de- 
scribed above. Malic enzyme and UCP-1 mRNA levels 
were increased by LSN862 and rosiglitazone in epi- 
didymal and visceral fat depots. Due to the extremely 
low levels of UCP-1 expression in epididymal fat from 
the vehicle-treated animals, the fold-induction of this 
gene could not be accurately calculated for either 
compound. UCPs are small intramembranous mito- 
chondrial proteins that are expressed in a tissue-se- 
lective manner and play key roles in thermogenesis 
(36, 37). UCP-1 is present primarily in brown adipose 
tissue (38, 39), whereas UCP-3 is expressed in brown 
fat and skeletal muscle (40, 41). UCP-2 is found in 
most tissues (42, 43). The thermogenic role of UCP-1 
has been shown definitively by many gain- and loss- 
of-function experiments (44-46). Interestingly, overex- 
pression of PG01 in cultured white fat cells, 3T3- 
F422A, has been shown to increase UCP-1 mRNA 
levels (47), suggesting that LSN862 and rosiglitazone 
might increase the expression of UCP-1 in visceral and 
epididymal fat depots, at least in part, through recruit- 
ment of PGC-1. 

Consistent with our findings are those by Way ef a/. 
(26), who show that administration of GW1 929. a non- 
TZD PPARy-selective agonist, to ZDF rats for 7 d 
increased malic enzyme mRNA levels in white and 
brown adipose tissues. Because malic enzyme is re- 
quired for fatty acid synthesis and storage, our data 
are consistent with the hypothesis mentioned above 
that at least some of the efficacy of PPARy ligands on 
insulin sensitization is via increased disposal of free 
fatty acids. 

LSN862, but not rosiglitazone, administration led to 
a statistically significant increase in glycerol kinase 
expression in epididymal fat, whereas both com- 
pounds increased expression of glycerol kinase in vis- 
ceral fat. Importantly, the increase in transcription due 
to LSN862 administration is statistically greater than 
that after rosiglitazone administration in both fat de- 
pots. Glycerol kinase stimulates glycerol incorporation 
into triglycerides and thus reduces free fatty acid se- 
cretion from adipocytes. Elevated free fatty acids in 



the circulation are known to be associated with insulin 
resistance (48, 49), and thus reducing levels of circu- 
lating free fatty acids would lead to greater insulin 
sensitivity. Therefore, the greater elevation of glycerol 
kinase expression due to LSN862 compared with ros- 
iglitazone administration could play a role in the trend 
toward better glucose- and triglyceride-lowering by 
LSN862 in the ZDF rat study. Guan et af. (50) write 
eloquently about TZDs stimulating a "futile" fuel cycle 
resulting from enhanced expression of glycerol kinase 
in adipocytes. In their study, ZDF rats were adminis- 
tered rosiglitazone at 4.0 mg/kg per day for 1 0 d, and 
a statistical increase of approximately 2.5-fold was 
seen in glycerol kinase mRNA from epididymal fat 
analyzed by Northern blotting. The discrepancy in the 
results presented here and those reported by Guan ef 
a/., could be due to the administered dose of rosigli- 
tazone, duration of the study, and/or methods used to 
quantitative mRNA levels. 

Increased expression of LPL in adipose tissue may 
explain some of the triglyceride-lowering activities of 
LSN862 and rosiglitazone, as LPL is a key player in 
triglyceride catabolism (51). Only LSN862 significantly 
increased LPL mRNA in both visceral and epididymal 
fat; however, a trend for enhanced LPL expression 
was seen with rosiglitazone in both fat depots. Al- 
though not statistically significant, LSN862-treated 
rats displayed a greater reduction in triglyceride levels 
compared with rosiglitazone-treated animals. This en- 
hanced efficacy may reflect both the greater LPL ex- 
pression and the additional PPARa activity of LSN862, 
as PPARa agonists are known to decrease liver apo- 
lipoprotein C-lll transcription (52). 

Emerging data suggest that visceral and sc adipose 
tissue have distinct physiological functions and con- 
tribute to obesity and type 2 diabetes to different 
extents (53). In the studies shown here, similar gene 
expression profiles were seen in epididymal and vis- 
ceral fat depots from rats administered LSN862. In 
contrast, rosiglitazone administration led to a more 
robust response in visceral fat compared with epidid- 
ymal fat. Interestingly, both compounds caused sig- 
nificant changes in the metabolic profiles of the 
treated animals, suggesting that visceral fat may play 
a greater role in contributing to the overall metabolic 
homeostasis of this rodent model of type 2 diabetes. 

LSN862 was administered to hApoAl mice to inves- 
tigate the lipid-aftering properties of this compound. 
These mice were selected for the study based on 
findings that human and mouse apolipoprotein A1 
(ApoA1), the major protein constituent of HDL-C, are 
regulated in opposite directions by PPARa agonists, 
with mouse ApoA1 decreased and human ApoA1 in- 
creased after administration of PPARa agonists (54). 
Administration of LSN862 led to a modest decrease in 
VLDL-C and a dose-dependent increase in HDL-C, 
with neither response showing dose dependency. The 
effect of LSN862 on HDL-C was similar to that seen 
with an equivalent dose of fenofibrate. In contrast, 
rosiglitazone showed modest alterations in both 
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VLDL-C and HDL-C. These data are consistent with 
the in vitro data, which showed that only LSN862 had 
significant affinity for PPARa. Other investigators have 
also reported that a small amount of PPARa activity 
measured by in vitro binding and CTF assays can have 
surprising effects on lipid levels in vivo (55). Therefore, 
the improved lipid profile of LSN862 is most likely due 
to its additional PPARa agonist activity. 

In conclusion, LSN862 is a new PPARa/y dual ag- 
onist with a unique in vitro profile. Based on its potent 
antidiabetic activity, beneficial effects on lipid levels, 
potential for less body weight gain, and unique gene 
regulation profile, LSN862 may be an improved ther- 
apeutic agent for the treatment of type 2 diabetes and 
associated dyslipidemia In addition, the data pre- 
sented here demonstrate that PPAR7 full agonist ac- 
tivity, as seen with rosiglitazone in vitro, is not neces- 
sary to achieve potent and efficacious antidiabetic 
benefits in vivo. 



MATERIALS AND METHODS 

Competitive Displacement Binding Assays 

Binding assays were performed using scintillation proximity 
assay technology, PPAR receptors, and corresponding ra- 
diolabeled ligands. PPARa, PPARS, and PPARy along with 
their heterodimeric partner, retinoid X receptor a, were each 
produced using a baculovirus expression system. Biotinyl- 
ated oligonucleotides containing PPREs were used to couple 
the corresponding receptor dimers to yttrium silicate strepta- 
vidin-coated scintillation proximity assay beads. PPARy- and 
PPARa/S-specific ligands were labeled with tritium and used 
in the appropriate corresponding assays. The K, values for 
each competing compound were calculated after deduction 
of nonspecific binding (measured in the presence of 10 jxm 
unlabeled ligand). Compounds were evaluated using an 11- 
point dose-response curve with concentrations ranging from 
0.169 mm to 10 /xm. Reported values represent means from 
three separate experiments. 

CTF Assays 

PPARy, PPARa, or PPARfi were constitutively expressed 
using plasmids containing the cytomegalovirus promoter. 
Reporter plasmids for the PPARy CTF assays contained 
PPREs from the following genes: AOX, LPL, or BIFEZ plus the 
thymidine kinase (TK) promoter upstream of the lucif erase 
reporter cDNA. A PPARy GAL4 chimeric system was also 
used. For PPARa and PPARS. a GAL4 chimeric system was 
the standard CTF assay performed. All assays were done in 
CV-1 cells. Compounds were tested in full-log dilution, from 
0.1 iim to 10 fiM in duplicate. Percent efficacy was determined 
relative to reference molecules with the efficacy value reflect- 
ing the greatest amount of agonist activity achieved in the 
CTF assay for each compound. The reference compounds 
were rosiglitazone (PPARy assays) and LG00/0660 (PPARa 
and PPAR 5 assays). EC 50 values were determined by com- 
puter fit to a concentration -response curve. An EC 50 value 
was not calculated if the efficacy for the compound was less 
than 20%. Reported values represent means from three to 10 
separate experiments. CTF assays for additional nuclear hor- 
mone receptors {retinoid X receptor, retinoic acid receptor, 
liver X receptor, farnesoid X receptor, pregnane X receptor) 
were performed as described above using appropriate nu- 
clear receptors and corresponding reference ligands. 



Cofactor Recruitment Assays 

A mammalian two-hybrid assay system in CTF format was 
done in CV-1 cells. The following plasmids were used: a 
mammalian expression vector encoding a fusion of the GAL4 
DNA-binding domain with the PPARy ligand-binding domain; 
a mammalian expression vector encoding a fusion of the 
VP16 transactivation domain with the nuclear receptor inter- 
action domain of the respective coactivators: CBP, PGC-1, 
ASC-2, TRAP220, and the peptide C33; and a reporter plas- 
mid (multimerized GAL4 binding sites/minimal TK promoter 
driving a iuciferase cDNA). Cells were transfected in batch 
format and treated with compound (full-log dilution from 0,1 
nM to 1 0 jxm) or vehicle for 24 h. Subsequently, the cells were 
lysed and Iuciferase activity was measured. Luciferase activ- 
ity serves as the endpoint for interaction between coactivator 
and receptor. The data are presented as percent efficacy 
relative to rosiglitazone. Reported values represent means 
from three separate experiments. 

RNA Quantitation 

Liver mRNA was isolated using a FastTrack 2.0 kit from 
Invitrogen (Carlsbad, CA), and adipose mRNA was isolated 
using guanidine isothiocyanate/phenol/chloroform extrac- 
tion. Isolated mRNA was first treated with DNase using a 
DNA-free kit from Ambion, Inc. (Austin, TX) and then 2.5 ^ 
of DNase-treated mRNA was used for cDNA synthesis. 
Primer and probe sets for each gene of interest were de- 
signed using Primer Express 1.5 from Applied Biosystems 
(Foster City, CA). Each cDNA sample was analyzed in tripli- 
cate per gene in a 96-well plate using an ABI Prism 7700 
Sequence Detector (Applied Biosystems). Results were av- 
eraged and normalized to 36B4 expression. Samples from 
each group of animals (n = 5) were averaged and compared 
with the vehicle group. Data are presented as mean standard 
error of the mean for each group. After taking the base 10 
logarithm of the normalized expression results, group differ- 
ences were assessed by ANOVA with pairwise contrasts 
examined using Fisher's protected least significant differ- 
ence, where the significance level for the overall ANOVA was 
P < 0.05. 

ZDF Rat Studies 

Male ZDF rats were obtained from Genetic Models, Inc., 
(Indianapolis, IN) at 6 wk of age. After a 2-wk acclimation 
period, rats were prebled and assigned to four groups (five 
animals per group; vehicle, LSN862 at 3.0 mg/kg per day; 
rosiglitazone at 3.0 or 10.0 mg/kg per day) based on starting 
plasma glucose levels and body weight (d -1). Rats were 
administered compound daily by oral gavage between 0830 
and 0930 h for 7 d. The dosing vehicle was 1% (wt/vol) 
carboxymethylcellulose, 0.2596 Tween 80. Blood samples 
were obtained 1 h postdose on d 7 from the tail vein of 
conscious animals by gentle massage after tail snip. Blood 
was collected in EDTA tubes and kept chilled on ice. After 
centrifugation of blood samples, plasma was used for mea- 
surements of glucose, adiponectin, and triglyceride levels. 
Statistical significance was detemnined by one-way ANOVA. 
When statistical significance was detected with this method, 
group differences were determined by Neuman-Keuls post 
hoc analyses. Samples of liver and fat (visceral and epididy- 
mal) were removed on d 7, 6 h after the final dose of com- 
pound. Principles of laboratory animal care (NIH publication 
no. 85-23, revised 1985) were followed, and the use of ani- 
mals was in accordance with the local animal ethics commit- 
tee at Lilly Research Laboratories. 
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Db/db Mouse Studies 

db/db Mice (5 wk of age) were purchased from Jackson 
Laboratories (Bar Harbor, ME). After a 2-wk acclimation pe- 
riod, the mice were prebled and assigned to three groups 
(vehicle, rosiglitazone, and LSN862; five animals per group) 
based on starting plasma glucose and body weight. The 
dosing vehicle for all studies was 1% (wt/vol) carboxymeth- 
ylceilulose, 0.25% Tween 80. Compound was administered 
once daily by oral gavage between 0830 and 0930 h at a dose 
of 30 mpykg for 7 d. Plasma was collected 1 h after com- 
pound administration on the last day of the study for mea- 
surement of plasma glucose and triglyceride levels. Statisti- 
cal significance was determined by one-way ANOVA. When 
statistical significance was detected with this method, group 
differences were determined by Neuman-Keuls post hoc 
analyses. Principles of laboratory animal care (NIH publica- 
tion no. 85-23, revised 1985) were followed, and the use of 
animals was in accordance with the local animal ethics com- 
mittee at Lilly Research Laboratories. 



Homozygous Human ApoA-1 Transgenic Mouse Studies 

hApoAl transgenic mice (56) were purchased from Jackson 
Laboratories. After a 2-wk acclimation period, the mice were 
assigned (based on weight) to individual groups with five 
animals per group. The mice were administered compound 
daily by oral gavage between 0600 and 0700 h for 7 d 
Fenofibrate was administered at 100 mg/kg per day. whereas 
LSN862 and rosiglitazone were each given at 0.3, 1 .0, 3.0, 10, 
30, and 100 mg/kg per day. The dosing vehicle was 1% 
(wt/vol) carboxymethylcellulose, 0.25% Tween-80 with con- 
trol animals receiving dosing vehicle only. Blood was col- 
lected by heart draw for analysis 3 h after the final dose. 
Principles of laboratory animal care (NIH publication no. 85- 
23, revised 1985) were followed, and the use of animals was 
in accordance with the local animal ethics committee at Lilly 
Research Laboratories. 



Determination of VLDL-C and HDL-C 

Lipoproteins were separated by fast protein liquid chro- 
matography, and cholesterol was quantitated with an in- 
line detection system based on that described by Kieft et 
a/. (57). Briefly, 35-;<J plasma sampfes/50-jtl pooled sample 
was applied to a Superose 6 HR 10/30 size exclusion 
column (Amersham Pharmacia Biotech, Piscataway, NJ) 
and eluted with PBS, pH 7.4 (diluted 1 :10), containing 5 niM 
EDTA, at 0.5 ml/min. Cholesterol reagent from Roche Di- 
agnostics (Indianapolis, IN) at 0.16 ml/min was mixed with 
the column effluent through a T connection; the mixture 
was then passed through a 15 m x 0.5 mm knitted tubing 
reactor (Aura industries, New York, NY) immersed in a 37 
C water bath. The colored product produced in the pres- 
ence of cholesterol was monitored in the flow stream at 
505 nm, and the analog voltage from the monitor was 
converted to a digital signal for collection and analysis. The 
change in voltage corresponding to change in cholesterol 
concentration was plotted vs. time, and the area under the 
curve corresponding to the elution of VLDL-C and HDL-C 
was calculated using Turbochrome (version 4.12F12) soft- 
ware from Perkin Elmer (Nor/zalk, CT). 
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Abstract 

Peroxisome proliferator-activated receptors (PPARs) and iiver X receptor a are iigand-activated transcription factors ihat belong to nuclear 
receptors superfamily and are involved in the regulation of lipid metabolism. PPAR, especially PPAR-a, PPAR-7 agonists and liver X receptor a 
agonists can regulate the expression or biosynthesis of some factors involved in the formation and function of HDL, such as apolipoprotein (apo) 
A-f and ATP binding cassette transporter Al (ABCAI). It is well known that HDL plays an important role in the treatment of hyperhpidemia as 
the carrier of reverse cholesterol transport. In the present study, the anti-hyperlipidemic properties of CM 108, a derivative of flavone, 9-Hydroxy- 
2-mercapto-6^phenyl-2-thioxo-l,3,5-^ were studied. Through the transact! vaiion assays of in 

vitro study, it was discovered that CM108 could activate PPAR-a PPAR-7 and iiver X receptor a at 40-150 ug/mi, which subsequently resulted in 
activating ABCAI promoter and enhancing apoA-1 and apoA-Il production, whereas reducing apoC-W production significantly. Furthermore, 
after in vivo study that the hyperlipidemic rats were treated with CM10S for 4 weeks, a significant increase was found in HDL cholesterol levels 
(26.7%, P<Q .05) and a significant decrease was also noticed in triglyceride levels (26.3%, J P<0.01 ) at 100 mg/kg CM 108 group compared with 
that of control animals. Meanwhile, the atherogenicity index, represented by total cholesterol/HDL ratio, was significantly reduced (/ > <0.0t). In 
conclusion. CM 108 can effectively elevate HDL levels and lower triglyceride levels in hyperlipidemic rats maybe by regulating a series of genes, 
receptors and proteins related to HDL. 
O 2006 Elsevier B.V. All rights reserved. 

.Keywords: High-density lipoprotein (HDL): Peroxisome proUfemtor-activated receptors (PPARs); Liver X receptor a: Apolipoprotein A-l (apoA-J); ATP binding 
cassette transporter Al (ABCAI) 



1. Introduction 

Numerous epidemiological studies have demonstrated an 
inverse relationship between high-density lipoprotein (HDL) 
cholesterol levels and cardiovascular diseases. Low plasma 
HDL cholesterol is an independent risk factor for cardiovascular 
disease (Gotto, 2001; Assmann et al., 1996). In fact, a 1% 
increase of HDL cholesterol levels is associated with a 2-3% 
decrease in cardiovascular morbidity and mortality (Gordon 
et a!., 19S I : Forte and McCall, 1 994). An important mechanism 
underlying this protective effect is the role of HDL in the 
removal of excess cholesterol from peripheral tissues (including 
the arterial wall) to the iiver. This process named as reverse 
cholesterol transport is often invoked to explain the anti- 
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atherogenic effect of HDL. But in addition, HDL is also 
suggested to ameliorate endothelial function (Lattenbogaard 
et ai., 2000; Yuhanna et al., 2001) and to have anti -oxidative, 
anti-inflammatory, anti-coagulant, anti-aggregatory properties 
(Van Lenten et al., 2001; Nofer et al., 2002). 

With increasing evidence that HDL plays an important role 
in cholesterol reverse transport and cholesterol clearance, it has 
been concluded that compounds which could accelerate the 
reverse cholesterol transport process may be beneficial in re- 
ducing cardiovascular disease (Patrick and Alan, 2004). 

PPAR-a and liver X receptor a are ligand-activated tran- 
scription factors that belong to the nuclear receptor superfamiiy. 
The PPAR- a and liver X receptor a agonists are believed to 
have atheropro tec tive effects (Joyce and David, 2002; Daniel 
ct a!., 2004). We established the cell-based PPAR-a and liver X 
receptor a agonists screening system to identify compounds 
that can activate PPAR-a and liver X receptor a gene 
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fig. ]. Chemical structure of CM 108. 

expression simultaneously. A derivative of tlavone, 9-Hydroxy- 
2-mercapto-6-phenyl-2-thioxo- 1.3, 5-trioxa-2 A 5 -phospha- 
cyelopenta[£]naphthaien-S-one (CM 108, Fig. 1), represents the 
above character. In the present study, the anti-hyperlip identic 
action of CM 108 was examined through in vitro and in vivo 
assays. The results gave potent proof that CM 108 could exhibit 
a comprehensive regulation of the genes, receptors and proteins 
related to reveres cholesterol transport carried by HDL, which 
allowed CM 1 08 to increase HDL cholesterol levels and lower 
triglyceride levels simultaneously. 

2. Materials and methods 

2.7. Materials 

CM 108 was synthesized by Comman Pharmaceutical Co. 
Ltd, (Shanghai, China). Gemfibrozil was purchased from Sigma 
(ST Louis, USA). For in vitro assay, CM 108 was dissolved in 
dimethylsulfoxide (OMSO). For in vivo assay, CM108 and 
Gemfibrozil were suspended in 0.5% Tween-80 (Sigma, ST 
Louis. USA) aqueous solution, and a uniform suspension was 
obtained by ultrasonication. 

2.2. Transcription regulation assays 

For PPAR-a, PPAR-7 and liver X receptor a, expression 
constructs were prepared respectively by inserting the iigand 
binding domains of human PPAR-a, PPAR--y and liver X 
receptor a cDNAs adjacent to the yeast GAL4 transcription 
factor DNA binding domain in the mammalian expression vec- 
tor pcDNA3.1 to create pcDNA3.1-GAL4/PPARot, pcDNA3.1- 
GAL4/PPAR7 and pcDNA3.1-GAL4/LXRct. The GAL4-re- 
sponsive reporter construct, pG L3BN-tk-luciferase, contained 
five copies of the GAL4 response element was placed adjacent to 
the thymidine kinase minimal promoter, the luciferase reporter 
gene and the neomycin resistance gene. For ABCA1 (similarly 
to Guo et aL, 2006), expression construct was prepared by 
inserting the upstream regulatory sequence in the expression 
vector pGL3BN to creaie pGL3BN-ABCAl. For stable trans- 
fections, HepG2 cells were seeded at 4 * 10^ cells/well in 6-wel! 
plates in Dulbecco's modified Eagle's medium (DMEM, high 
glucose) containing 10% fetal calf serum (PA A, Pasching, 
Austria) at 37 °C and incubated overnight. Transfections were 
performed with LipofectAMINK (Invitrogen, Carlsbad, CA) 
according to the manufacturer's protocol. For PPAR-a, PPAR-7 
and liver X receptor a. transaction mixes contained 2 [ig of 
GAL4/PPARa or GAL4/PPAR-V or GAL4/LXRa expression 
vectors and reporter vector pGL3BN-tk-luc in a ratio of 5:1 ; for 
ABCAI, transfection substance contained 2 ug of /?GL3BN- 
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Fig. 2. CM 108 is active on PPAR-o> PPAR--y and liver X receptor « in 
trausacUvatkui assays. Transactivation assays were performed using chimeric 
receptors as described under "Materials and methods". Data shown are mean and 
S.D. for triplicate v/ells. Relative activities are derived from "CM 108 reading/' 
DMSO reading". □ Represents PPAR-a. ■ represents PPAJR-7, A represents 
liver X receptor ot. 

ABCAI . Twenty-four hours after transfection, cell culture media 
were replaced by fresh media containing Geneticin (G4J 8, In- 
vitrogen, Carlsbad, CA) at final concentration of 800 mg/1. 
Monoclones were selected by limited dilution in the presence of 
G41S to generate stable cell lines. Compounds were character- 
ized by incubation with transfected stable cells for 24 h across a 
range of concentrations in DMEM (high glucose). Cell lysates 
were prepared from washed cells using cell lysis buffer 
(Promega, WI, USA). Luciferase activity in cell extracts was 
measured using TD2020 Luminometer (Turner Designs, CA) in 
luciferase assay buffer (Promega. WI, USA). The Luminometer 
reading was corrected by the absorbance (A) value measured 
from MQX200 (Bio-Tek Inc., USA) at 570 nm. 

23. Protein regulation assays 

Compounds were characterized by incubation with HepG2 
cells for 24 h across a range of concentrations in DMEM (high 
glucose). Cell supernatants were collected and measured. In the 
enzyme-linked immunosorbent assay (Sambrook and Russell, 
2001), cell supernatants were coated on 96-well plates 
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Fig. 3. CM I OK increases apoA-l, apoA-J! production and decreases apoC-IJJ 
production in HepG2 Ceils. HepG.? Cells were incubated with various 
concentrations of CM 108 Tor 24 h, and then the levels of apoA-l. apoA-Ll and 
apoC-lii protein were measured as described under "Materials and methods". 
Data are the means of triplicate wells, and the error bars indicate the range of 
triplicates. Relative activities aie derived from "CM I OS rcading/DMSO 
reading". ■ Represents apoA-1, □ represents a no A- 11 and A represents apoC- 
IJ1. 
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Fig. 4. Effect of CM 108 on ABCA1 promoter expression. Transact! vaiion assay 
was performed and described under "Materials and methods". Data shown are 
mean and S.D. for triplicate wells, relative activities are derived lrom "CM 108 
reading/'DMSO reading". 

(Coming, USA) (50 jil/well) overnight at 4 C C. Subsequent 
procedures were performed at room temperature. After being 
washed with 0.01 M phosphate -buffered saline (pH 7.4) 
containing 0.05% Tween-20 and 0.9% NaCl (PBST), the plates 
were incubated for I h with 5% skim milk in PBS. After washed 
with PBST for six times, the plates were incubated at a 1:1000 
dilutions of goat anti-human apoA-1 or apoA-il or apoC-ld 
(Academy Bio -Medical, Houston, USA) (50 jilAvell) and 
incubated for 1 h. After washed with PBST for another six 
times, the plates were incubated with horseradish peroxidase- 
conjugated anti-goat igG (Jackson (mmunoResearch Laborato- 
ries, West Grove, USA) (50 ul/weli) at a 1 : 1000 dilution for 1 h. 
After six washes, the plates were incubated with o-phenylene- 
diamine (100 (il/well) tor 30 min. After tenrunating the reaction 
by adding 2 M H 2 S0 4 (50 jul/weli), the absorbance at 492 nm 
was measured by MQX200 (Bio-Tek Inc., USA). 

2.4. Animals and experimental design 

Male Sprague-Dawley rats (4-6 weeks old) were purchased 
from Shanghai experimental animal center, China. The rats 
were housed in an environmentally controlled room at (22 ± 



2 °C), relative humidity at (60 ± 10%) and 1 2 li light/dark cycle 
(light period: 6:00 - J 8:00). Diets and tap water were provided 
ad libitum. After 1-week acclimation, the initial lipids profile 
of all rats were measured, and then sixty rats began to be ted 
w r ith high cholesterol diet (normal diet supplemented with 0.5% 
cholesterol, 0.5% cholic acid and 5.5% olive oil) for 1 week. 
Animals were bled for measurement of lipids profile and fifty 
rats were ascertained as the successful model rats. Then the fifty 
model rats were randomly divided into 5 groups of 10 animals 
per group. After that, high cholesterol diets were replaced by 
normal diets. The low, middle and high dose groups of model 
rats, named CM 108 groups, were administrated orally with 
CM108 at a dosage of 30 mg/kg T 60 mg/kg and 100 mg/kg 
respectively. The rats named Gemfibrozil group were admin- 
istrated orally with Gemfibrozil (100 mg/kg), and the control 
group rats were only administrated with the dosing vehicle. 
After 4 weeks of treatment, animals were bled for measurement 
of lipids profile and liver was obtained for weight measurement. 
Body weight was recorded at the times indicated. During the 
feeding period, care and treatment of rats were in compliance 
with the Guide for the Care and Use of Laboratory Animals and 
local institutional guidelines. 

2.5. Measurement of blood lipids and lipoproteins 

After the bloods were put at room temperature for 1 h, serum 
was separated by centrifugation at 1500 *g for 15 min. The 
levels of serum total cholesterol, HDL cholesterol, and 
triglyceride were measured by enzymatic methods (Roche, 
USA) with an automatic analyzer (7170, Hitachi, Japan). Low- 
density lipoprotein (LDL) cholesterol levels were calculated by 
the Friedewald formula. 

2.6. Statistical analysis 

The results were reported as the mean±S.D. of n observa- 
tions. For the in vitro studies, // represents the number of 3 



Table 1 

Baseline characteristics (initial and before treatment) 



Control 



CM 108 



30 mg/kg 



60 mg/kg 



J 00 mg/kg 



Gemfibrozil 
100 mg/l:g 



Initial 

Total cholesterol, mmol/L 

Triglyceride, mmol/L 

HDL, mmol/L 

LDL, mmol/L 

Total cholesterol/HDL ratio 

LDL'ilDL ratio 



1.83*0.19 
0.68 ±0.1 6 
1.31 ±0.23 
0.24 ±0.1 7 
1.42*0.17 
0.24*0.14 



1.89::. 0.23 
0.68::.0.15 
1 .39:5:0.34 
0. 18::: 0.20 
1.39:::0.22 
0.15:::0.16 



1.65 4:0.33 
0.62 1:0.18 
1.23 1:0.27 

0.141:0.18 

1.351-0.15 

0.121:0.13 



1.81*0.31 
0.72*0.25 
1.25 ±0.20 
0.24*0.24 
1.47 ±0.26 
0.21*0.23 



1.70:: 0.23 
0.68::0.15 
1.20:: 0.22 
0.20::: 0.24 
1.44:1:0.20 
0.1S:::0.22 



Before treatment 

Total cholesterol, mmol/L 

Triglyceride. mmol/L 

HDL. mmol/L 

LDL, mmol/L 

Total cholesterol/HDL ratio 

LDL/ HDL ratio 



3.84*0.33 b 
1 .20*0.44* 
1.37=0.12 
1.62+ I. K/ 
2.8i±0.29 b 
1.18*0.S9 b 



3.96:::0.34 h 
1.35:::0.45 h 

1.42=0.14 
1.93=0.23" 
2.80=0.21 b 
l.37=0.2t b 



4.03::: 0.44* 

1.36.:: 0.46 b 

1.37x0.16 

2.04±0.32 h 

2.97±0.42 b 

l.5l±0.3J* 



4.31 ±0.35* 

1.60*0.52*' 

1.39*0.13 

2.20*0.40'' 

.U2±0.32 b 

i.59=0.35 h 



3.95:::0.54 b 
1.4 8::. 0.42* 

1.41 = 0.15 
t.87=0.45 h 
2.82 = 0.42 b 
l.33=0.33 h 



Values are given as mcan:i S.D.. /j-10. Before treatment values are equal to the measured values for rats 1 week after fed on high-cholesterol diet. 
; '/ > <0.05 ; h P<0.0\ : before treatment vs. initial (of each dose group). 
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Table 2 

Absolute changes in lipids and lipoproteins according :o the dose of CM 108 after 4 weeks of treatment 




Control 


CM j 08 






Gemfibrozil 


30 mg/kg 


60 mg/kg 


100 trig/kg 


100 mg/kg 


Total cholesterol. mmol/L 


-0.75il.02 


- 0.97 i 0.72 


-J.06±i.09 


-1.39 ±0.71 


-1.15±O.S5 


Triglyceride. rnmol/L 


-0.45±0.37 


- 0.64 i 0.47 


-0.62 ±0.3? 


-0.98 ±0.41° 


-0.90 ±0.44 


HDL, mmo!/L 


-0.12=0.18 


0.02±0.34 


0.04±0.27 


0.25*0.28* 


0.20±0.33 b 


LDL, mmol/L 


-0.14il.67 


-0.70 ±0.86 


-0.82 ±0.95 


-J. 20*0.83 


- 0.94 i 0.69 


Total cholesterol/HDL ratio 


-0J8±0.51 


-0.63 ±0.67 


-0.83 ±0.66 


-J.30±0.55 b 


-1.03±0.59 b 


LDL/HDL ratio 


-0.04±1.20 


- 0.42 i 0.68 


-0.62i0.62 


-0.94 ±0.59 


- 0.72 i 0.47 



Values are given as mean:b S.D.. n = 10. 

T<0.05, b /*<0.01: each dose group vs. control group. 



parallel experiments performed. For the in vivo studies, n 
represents the number of animals studied. Differences between 
the experimental and control group were determined by the 
Student's /-test and lvalues less than 0.05 were considered to 
be significant. 

3, Results 

3.1. Iranscription regulation effects of CM) OH on PPAR-a, 
PPAR-y and liver X receptor a 

CM 108 was identified as a PPAR-a agonist during the 
compounds ' screening. The structure of CM 1 08 is shown in 
Fig. 1. With the treatment of CM 108, PPAR-a level was 
enhanced by 11-44% at 40-150 jig/ml in the transactivation 
assay, and the maximal activation was achieved 44% at 40 ug/ 
ml. Furthermore, CM108 was identified as an agonist of both 
liver X receptor a and PPAR-7, and their activation per- 
centages achieved with CM 108 were 37 - 76% and 29 -95% at 
40-150 u.g/ml and the maximal activation percentages 
achieved was 76% and 95% at 100 ug/'ml respectively, the 
results are shown in Fig. 2. CM 108 was. therefore, found to be 
active in similar transactivation assays for the nuclear receptors 
PPAR-a, PPAR-7 and liver X receptor a. 
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Fig. 5. Percentage changes of HDL cholesterol. LDL cholesterol, 
triglyceride, and total cholesterol from baseline alter 4 weeks of treatment. 
HDL-C: HDL cholesterol; LDL-C: LDL cholesterol; TO: triglyceride; TC: 
total cholesterol. 



3.2. Effects of CM 1 08 on apoA-f, apoA-II and apoC-IU 
production 

In the protein regulation assays, the effects of CM 1 08 were 
tested on apoA-I, apoA-IT and apoC-ITI production. As shown in 
Fig. 3, CM 108 was shown a dose-dependently curve for apoA-I, 
apoA-II and apoC-fll in (he tested concentrations respectively. 
CM 108 enhanced apoA-I and apoA-II production by 90% and 
31% at 150 jig/ml, whereas CM 108 reduced apoC-11.1 
production by 80% at the same concentration, 

3.3. Effect of CM 08 on ABC A I expression 

Meanwhile, we identified the effect of CM 108 on ABCA1 
expression in the similar transactivation assay, the Fig. 4 
showed that CM 108 is effective on ABCA1 expression at 
10-150 jiig/ml and the maximal activation percentage 
achieved with CM10S was 2-2.38-fold higher than that of 
the control at 40-150 ug/ml. 

3.4. Effects of CM 108 on lipids and lipoproteins 

To clarify the hypolipidemic properties of CM 108 in vivo, 
we further investigated the effects of CM 108 on the lipid 
profiles in hyperlipidemic rats by feeding them with high- 
cholesrerol diet. In vitro results indicated that the activation 
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Fig. 6. Change in the mean body weight of nits before and after 4 weeks 
treatment. Data are shown mean ::S.D., /7-10. "/*<0.05 vs. control group. 
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percentage of CM I OS on PPAR-a at 60 \igtm\ was almost 
equal to that of Gemfibrozil at 100 fig/ml (data not shown), 
thus, here we used 100 mg/kg Gemfibrozil as the positive 
control and 30, 60, 100 mg/kg as doses of CM 108 (Nagao 
et al.. 1998). Besides, Table 1 described the lipids and 
lipoproteins baseline of initial level and before treatment with 
CM108 level. Mere, the initial lipids and lipoproteins baseline 
referred to the measured basic level for rats before they were 
fed with high-cholesterol diet. The baseline before treatment 
with CM 108 referred to the measured level for rats 1 week after 
fed on high-cholesterol diet. Compared with the corresponding 
initial groups, it was clear to observe the results that the 
different measured levels of before-trcatment groups were 
significantly increased such as the total cholesterol, triglycer- 
ide, LDL cholesterol, total cholesterol/HDL ratio and LDL/ 
HDL ratio (P<0.01). 

Table 2 provides the changes in these parameters after 
4 weeks of treatment, and the percentage changes are illustrated 
in Fig. 5. In the rat groups treated with active drug, a dose- 
dependent increase in HDL cholesterol was observed which 
reached a significant increase (26.7%, P<0.05) at 100 mg/kg 
CM 108 after 4 weeks of treatment. Moreover, a decrease was 
recorded of triglyceride levels in all groups, reaching statistical 
significance at 100 trig/kg CM108 group (263%, /><0.01). 
Total cholesterol and LDL cholesterol levels were not 
significantly changed as statistics indicated in all 3 doses 
groups. The atherogenic tty index, represented by total choles- 
terol/HDL ratio, was greatly reduced in 100 mg/kg CM10S 
group (/- > <0.01) compared with the control group. 

J.J. Effect of CM 108 on body weight and the ratio of liver/body 
weight 

Every groxip showed increased body weight throughout the 
experimental period. But the increase in the 60 mg/kg, 1 00 mg/kg 
CM 108 groups and Gemfibrozil group were lower than the 
increase in the control group, and there were significant dif- 
ferences OP<0.05) compared 60 mg/kg, 100 mg/kg CM108 
groups and Gemfibrozil group with the control group at the 
4th week of treatment, respectively (Fig. 6). Furthermore, 
CM108 didn't increase the ratio of liver/body weight 
compared with the control group at the end of the experiments 
(data not shown). 

4. Discussion 

HDL as the carrier of reverse cholesterol transport renders 
it anti-atherogenic. This process includes three steps: Firstly, 
the expression and secretion of apoA-I, the major structural . 
apo lipoprotein of HDL lipoprotein, from the liver. Secondly 
lipid-poor or tipid-free apoA-1 can subsequently act as an 
acceptor for ABC transporters (ABCA1 and ABCGI)- 
mediated efflux of cholesterol and phospholipids from mac- 
rophages, which results in the formation of HDL. Finally, 
HDL cholesterol can be taken up by the liver and secreted into 
the bile (Patrick and Alan, 2004). The results of this study 
suggested that CM 108 compound is not only a potent 



enhancer of HDL in vitro but also acts as a hypolipidemic 
agent in vivo. 

PPARs are ligand-acrivated transcription factors that belong 
to the nuclear receptors superfamily and consist of the three 
members PPAR-a, PPAR-7 and PPAR-5. These proteins con- 
tain a central DN A-binding domain consisting of a zinc-finger 
module and a large ligand-binding domain with a lipophilic core 
that binds specific small lipid molecules. After ligands binding, 
nuclear receptors undergo a conformational change. This 
change promotes their interaction with co-activator proteins, 
which therefore facilitates transcription of cognate target genes. 
Each of them controls a distinct network of target genes. A 
common feature is their involvement in fatty-acid metabolism 
(Joel et aL 2005). 

PPAR-a is expressed highly in organs with a Jrigh rate of 
fatry-acid catabolism, such as brown adipose tissue, liver, 
kidney and heart (Kersteo, 2002). The clinical importance of 
fibrates as PPAR-a agonists has been identified for its de- 
creasing plasma triglyceride levels and increasing HDL 
cholesterol levels. The former action of decreasing plasma 
triglyceride levels is mediated by increasing lipid uptake, ac- 
tivation and catabolism through the transcriptional modulation 
of numerous genes that control these processes (Daniel et al., 
2004), Moreover, the metabolism of triglyceride-rich lipopro- 
teins is strongly affected (Schoonjans et ah, 1996). The in- 
duction of enzymes involved in the p-oxidation pathway in the 
liver resulted in the distinctively reduced secretion of very low- 
density lipoproteins (VLDL) particles by the liver. Addition- 
ally, PPAR-a activators decrease plasma triglyceride-rich 
lipoproteins levels by increasing the activity of the enzyme 
lipoprotein lipase (LPL) (Daniel et aL, 2004). PPAR-a agonists 
directly increase transcriptional activity of the LPL gene 
promoter (Schoonjans et ai., 1996) and indirectly reduce the 
levels of apoC-ni, an inhibitor of LPL activity (Staels et ai., 
1995). The latter action of increasing HDL cholesterol levels is 
partly mediated by increasing hepatic production of apoA-I 
(Vu-Dac et aL, 1998) and apoA-II (Vu-Dae et al., 1995), which 
are the two major components of HDL. Similarly, in this study, 
we found that CM 108 could activate PPAR-a in the 
transactivation assay in vitro. All the research findings cor- 
roborated our conclusion that CM 108 was shown a dose- 
dependently curve for biosynthesis of apo A-I, apoA-TIand apoC- 
III respectively, CM 1 08 enhanced apoA-T. and apoA-H production, 
whereas CM 108 reduced apoC-IIT production at the same 
concentration in vitro. 

PPAR-7, another member of the PPAR family, is most highly 
expressed in adipose tissue and has been shown to be essential 
for adipocyte differentiation and normal glucose metabolism 
(Spiegeltnan and Flier, 2003). Recent evidence indicates that in 
vivo PPAR-7 activators protect against atherosclerosis but do 
not up-regulate ABCA I . By contrast, they induced macrophage 
ABCGI and cholesterol efflux to HDL, indicating that this 
might be a key mechanism of protection by this class of drugs 
(Li et aL, 2004). Several studies report that activation of both 
PPAR-a and PPAR-7 can inhibit NF-kB signaling and suppress 
the secretion of various pro -inflammatory cytokines in vitro, 
and therefore PPAR-a, PPAR-7 activators decreased 



L Guo et at. / European Journal of Phurmawhgy 551 (2006) $0-86 S5 



atherosclerosis, whereas PPAR-8 activators did not in vivo 
(Moore el al., 2001 ; C'hakrabatti et al., 2004; Li e- al., 2004). In 
this study, CM 108 was found that it could significantly activate 
PFAR-7, maybe CM I OS can exert its potential partly through 
inducing macrophage ABCG 1 expression and cholesterol efflux 
to HDL or inhibiting the inflammation. 

Liver X receptors are also ligand-activated transcription 
factors that belong to the family of nuclear receptors. Two 
isofbrms, liver X receptor a and have been identified and 
have described as crucial regulators of genes involved in lipid 
metabolism and homeostasis (Chawla et al., 2001). Liver X 
receptor a is highly expressed in the liver, kidney, macrophages 
and intestine, whereas liver X receptor p is detectable in nearly 
every tissue (Joyce and David, 2002). In macrophages, liver X 
receptor agonists activate ABCAL ABCG1 and ABCG4 ex- 
pressions, which subsequently promote reverse cholesterol 
transport (Wang et al., 2004). In liven liver X receptor target 
genes (ABCG5 and ABCG8) involved in cholesterol secretion 
into the bile, free cholesterol is either secreted directly into bile 
through the dual transporters ABCG5 and ABCG 8 or 
catabolized by CYP7A1 into bile acids. Bile acids also stimulate 
their own transport into bile by increasing the expression o f the 
bile salt efflux pump (ABCB11) (Joyce and David, 2002). 
Treatment with G W3965, a synthetic agonist of liver X receptor, 
has been shown to inhibit the development of atherosclerosis in 
mice (Joseph et al., 2002). In this study, similar to its effect on 
PPAR-ot and PPAR-7, CM 108 can serve as an agonist for liver 
X receptor a and subsequently activate ABCAl gene expres- 
sion in vitro. 

Furthermore, we established rat model of hyperlipidemia by 
feeding the rats on high-cholesterol diet and used this animal 
model to assess the in vivo hypolipidemic action of CM 108. 
We observed that 100 mg/kg CM 108 significantly increase 
HDL cholesterol levels and decrease triglyceride levels, the 
atherogenicity r index, represented by total cholesterol/HDL 
ratio, was significantly reduced in 100 mg/kg CM 108 group 
compared with the control group. Meanwhile, there were 
significant differences in body weight comparing 100 mg/kg 
CM 108 group to control group, however. CM 108 didn't 
increase the ratio of liver/body weighi compared with control 
group after treatment. 

Certainly, because the interaction patterns between drugs and 
nuclear receptors are varying within different species and the 
human hyperlipidemia syndrome exhibits its distinctive com- 
plexity, further research and in-depth studies should be taken 
out to ascertain whether CM! OS could be applied to human. 

in conclusion, the present data suggest that compound 
CM 108 is an effective enhancer of HDL levels in vitro. 
Moreover, CM 108 acts as a IIDL-elevating and triglyceride- 
lowering agent in hyperlipidernic rats which maybe caused by 
the regulation of a series of genes, receptors and proteins related 
to HDL. 
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Bruder, Eric D., Ping C. Lee. and Hershel Raff. Dexamethasone 
treatment in the newborn rat: fatty acid profiling of lung, brain, and 
serum lipids. J Appl Physiol 98: 981-990, 2005. First published 
November 12, 2004: doi: 10.11 52/japplphysioJ. 01029.2004. —Dexa- 
methasone is used as treatment for a variety of neonatal syndromes, 
including respiratory distress. The present study utilized the power of 
comprehensive lipid profiling to characterize changes in lipid metab- 
olism in the neonatal Jung and brain associated with dexamethasone 
treatment and also determined the interaction of dexamethasone with 
hypoxia. A 4-day tapering-dose regimen of dexamethasone was ad- 
ministered at 0800 on postnatal days 3 (0.5 ing/kg), 4 (0.25 mg/kg), 5 
(0.125 mg/kg), and 6 (0.05 mg/kg). A subgroup of rats was exposed 
to hypoxia from birth to 7 days of age. Dexamethasone treatment 
elicited numerous specific changes in the lipid profile of the norrnoxic 
lung, such as increased concentrations of saturated fatty acids in the 
phosphatidylcholine and cholesterol ester classes. These increases 
were more profound in the lungs of hypoxic pups. Additional in- 
creases in cardiolipin concentrations were also measured in lungs of 
hypoxic pups treated with dexamethasone. We measured widespread 
increases in serum lipids after dexamethasone treatment, but the 
effects were not equivalent between norrnoxic and hypoxic pups. 
Dexamediasone treatment in hypoxic pups increased 20:4n6 and 
22:6n3 concentrations in the free fatty acid class of die brain. Our 
results suggest that dexamethasone treatment in neonates elicits spe- 
cific changes in lung lipid metabolism associated with surfactant 
production, independent of changes in serum lipids. These findings 
illustrate the benefits of dexamethasone on lung function but also raise 
the potential for negative effects due to hyperlipidemia and subtle 
changes in brain lipid metabolism. 

hypoxia: glucocorticoid therapy; neonate 



inhaled and systkmic GLUCOCORTICOIDS have been widely used 
to treat syndromes of perinatal distress, many of which have an 
inflammatory component requiring pharmacological therapy 
(3, 7, 23, 25, 53). Dexamethasone, a highly potent glucocorti- 
coid, lias been the treatment of choice for neonates who are 
hypoxic due to cardiopulmonary conditions such as broncho- 
pulmonary dysplasia (2. 13. 33, 46, 50). A major motivation 
for this therapy is the promotion of surfactant production and 
lung maturation and to induce closure of the ductus arteriosus 
(6, 34, 43. 45, 47). Dexamethasone decreases the duration of 
ventilatory support and lowers the incidence of chronic lung 
disease (13, 23, 33, 50). 

Dexamethasone therapy, however, may lead to unfavorable 
long -term sequelae, including decreases in neuromotor and 
cognitive function (4, 15, 30, 36, 37, 55), and may also lead to 
left vert! ric u Jar abnormalities and metabolic dysfunction (5, 14, 



17, 24). A report of lipid intolerance in infants treated with 
dexamethasone highlights this potential for long-term meta- 
bolic dysfunction (2). It is for these reasons that the use of 
dexamethasone in neonates is decreasing (39) and that its use 
as a primary defense against the development of chronic lung 
disease is now being questioned (4). However, some of the 
short term benefits of dexamethasone may outweigh the long- 
term risks (33). 

The pathophysiology of and adaptation to neonatal hypoxia 
has been a subject of intense investigation (18-20, 31, 35, 41, 
49). We have recently shown that hypoxia induces specific 
alterations in the lipid and fatty acid profiles of the adrenal 
gland and liver (8, 9). These studies have greatly benefited 
from the power of comprehensive lipid profiling, through 
which it is possible to analyze the concentrations of specific 
fatty acid metabolites in distinct lipid classes (51, 52). This 
method also allows the evaluation of the metabolic interaction 
of dexamethasone and hypoxia in the neonate (9). 

The goal of the present study was to assess changes in lipid 
metabolism in the lung and brain associated with dexametha- 
sone treatment, utilizing comprehensive lipid profiling. Fur- 
thermore, we used our model of neonatal hypoxia as a classic 
perturbation for which dexamethasone is used as treatment. We 
hypothesize that dexamethasone induced changes in lung and 
brain lipid composition occur independently of changes in 
serum lipids. Our specific aims were to /) analyze the effects 
of dexamethasone on the comprehensive lipid profile of the 
lung, 2) analyze the effects of hypoxia on lung lipid composi- 
tion, 3) examine the effects of dexamethasone on the hypoxic 
lung, and 4) assess the effects of dexamethasone and/or hyp- 
oxia on the lipid composition of the brain and serum. 

METHODS 

Animal treatment AIJ experimentation was approved by the Insti- 
tutional Animal Care and Use Committees of the Medical College of 
Wisconsin and St. Luke's/Aurora Sinai Medical Center. Tirned preg- 
nant Sprague-Dawley rats (Harlan Sprague Dawley, Indianapolis, IN; 
n - 8) were obtained at 14 days gestation and maintained on a 
standard sodium diet (Richmond Standard 5001, Brentwood, MO) and 
water ad libitum in a controlled environment (lights on. 0600-1800). 
Parturition usually occurred on the afternoon of gestational day 22, 
during which time rats were kept under observation. After litters were 
completely delivered, litter size was equalized by cross fostering, and 
the dam and pups (—13 per litter; mixed sexes) were immediately 
exposed to normobaric hypoxia (12% 0„>) or kept in room air as 
control {21% 0>), as described previously (40, 41). We have 
previously shown that this exposure leads to arterial Po? levels in 
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adults of -50-55 Torr with sustained hypocapnia and alkalosis 
(40. 42). 

Lactating dams were maintained with their litters for 7 days in a 
hypoxic or normoxic environment (49). Dexamethasone phosphate 
(Sigma- St. Louis. MO) was administered subcutaneously in a taper- 
ing regimen to normoxic and hypoxic pups at 0800 as follows; 
postnatal days 3 (0.5 uig/kg). 4 (0.25 nig/kg), 5 (0.125 mg/kg). and 6 
(0.05 mg/kg) (15). Control pups were injected with saline. Pups were 
weighed on each day of injection. At 0800 on postnatal day 7, dams 
were removed from the chambers. Pups were quickly decapitated, and 
lung and brain tissue were quickly washed to remove any remaining 
blood and immediately snap frozen in liquid Ns (n = 4 pups/treatment 
group). Blood from each pup was immediately centrifuged for 5 s at 
room temperature, and the serum was quickly frozen on dry ice. 
Serum from two additional pups from the same treatment group was 
sequentially added to the previously frozen sample (on dry ice) to pool 
die serum from three pups (n — 4 pooled samples/treatment group). 
Samples were obtained from pups from four normoxic (with or 
without dexametliasone) and four hypoxic (with or without dexameth- 
asone) litters. 

Lipid profiling. A comprehensive assessment of lung, brain, and 
scrum lipid profiles was performed (Lipomics Technologies, West 
Sacramento, CA). Brain and lung tissue (50 mg) and serum (200 ' 
lipids were extracted in the presence of internal standards by the 
method of Folch et al. using chloroformimethanol (2:1 vol/vol) (16). 
Individual lipid classes from each extract were separated by prepar- 



ative thin- layer cliromalography. as described previously (51, 52). 
Authentic lipid class standards were spotted on the two outside lanes 
of the thin-layer chromatography plate to enable localization of the 
sample lipid classes. Lipid tractions were scraped from the plate and 
transesterified in 3 N methanolic-HCl in a sealed vial under a N 2 
atmosphere at 100°C for 45 ruin. The resulting fatty acid methyl esters 
were extracted with hexane containing 0.05% butylated hydroxytolu- 
ene and prepared for gas chromatography by sealing the extracts 
under N?. Fatty acid methyl esters were separated and quantified by 
capillary gas chromatography using a gas chromatograph (Hewlett- 
Packard model 6890, Wilmington, DE) equipped with a 30- m DB- 
225MS capillary column (J & W Scientific, Folsom, CA) and a 
fiarne- ionization detector, as described previously (51, 52). Intra-assay 
coefficients of variation were as follows: cholesterol ester (CE; 2.0%), 
diglyceride (DG: 5.5%), free fatty acid (FFA; 3.5%), ly ^phosphati- 
dylcholine (LPC; 12.2%), phosphatidylcholine (PC; 5.0%), sphingo- 
myelin (SM; 31.4%), phosphatidyiemanolainine (PE; 13.0%), and 
triglyceride (TG; 0.4%). Assay sensitivity was set at 0.1 uanol/g 
because concentrations below this value increased the analytic vari- 
ability to >20%. 

Statistical analyses. Fatty acid/lipid profile data obtained were 
quantitative (nmol fatty acid/g of tissue or serum). Significance of 
differences between vehicle-treated and dexamethasone-treated sam- 
ples, normoxic and hypoxic samples, or a combination of the two 
interventions were assessed by unpaired Student's t- tests {P < 0.05). 
This statistical approach has been validated for this type of metabo- 
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lomic analysis (51. 52). Quantitative data were visualized using the 
Lipomics Surveyor software system. 'Hie system creates a "heat map" 
graph for significant differences between samples. The heat map 
displays statistically significant increases from control values as green 
or yellow squares and statistically significant decreases as red or blue 
squares. The brightness of each individual square denotes the magni- 
tude of the difference, as displayed with each of the heat maps. 
Differences not meeting P < 0.05 are shown in black. Data not 
presented in heat map form are expressed as means ± SE. and 
significance of differences was assessed by two-way ANOVA and 
Student-Newman-Keuls method for multiple comparisons (P < 0.05). 
Fatty acid ratios were calculated from individual sample measure- 
ments. The mean ratio, across all lipid classes, from each replicated 
treatment (n = 4 per group) was treated as one datum. Lipid class 
ratios were calculated from individual sample measurements, and the 
mean ratio from each replicated treatment (n = 4 per group) was 
treated as one datum. 

RESULTS 

Dexamethasone:- effects on normoxic lung and serum lipid 
profiles. The effects of dexamethasone treatment per se on the 
lung and serum lipid profiles in normoxic pups are shown in 
Fig. 1 . The column headers indicate fatty acid metabolites as 
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they appear in each distinct lipid class (rows). First, notice the 
greater number of significant changes in the serum profile 
compared with that of the lung. Dexamethasone decreased the 
concentration of a number of fatty acid metabolites in the TG 
class (P < 0.05) of the lung. Treatment with dexamethasone 
increased the concentrations of several fatty acids in the PC 
class (e.g.. 16:0, I8:3n3, 20:5n3, and I8:2n6), the cardiolipin 
(CL) class (e.g., 16:0 and 20:5n3) ; and the CE class (e.g., 
iS:3n3 and 20:4n6) (P < 0.05) of the lung. Dexamethasone 
also elicited a number of specific changes in the remaining 
lipid classes of the lung, including DC. FFA. L-PC, PE, phos- 
phatidylserine (PS) and SM. Dexamethasone caused wide- 
spread increases in fatty acid concentrations in the serum of 
normoxic pups, with increases in at least three fatty acids in all 
lipid classes (P < 0.05) except EPA. Major fatty acid metab- 
olites, such as 16:0, 18:0, 16:ln7, 18:ln9 ? 18:2n6, and 20:4n6, 
were increased in several lipid classes of the serum, including 
the CE, DG, LPC, PC, PE, and SM classes (P < 0.05). The 
concentration of 18:2n6 was increased in every lipid class 
analyzed (P < 0.05). Dexamethasone treatment had the fewest 
effects on the n3 fatty acids (across all classes). Differences not 
meeting P < 0.05 are shown in black. 
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Fig. 2. Ktfcots of hypoxia from birtli on the conccntrarions of individual fatty acid metabolites in lung tissue (top) and serum (hottom) of neonatal rats. Heat map 
showing individual fairy acid metabolite concentrations, as they appear in each lipid class, in lung tissue and serum of 7-day-old rats exposed to hypoxia from 
birth in - 4 rats /treatment). Quantitative data were used to calculate the percent increase (green squares) or decrease (red squares) of each measurement from 
the normoxic control. Significance of differences was analyzed by /-test with colors denoting P < 0.05. Differences not meeting P < 0.05 are shown in hlack. 
Cardiolipin and phosphatidylserine were only measured in the lung. 
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Hypoxia: effects on lung and serum lipid profiles. Figure 2 
depicts the effects of hypoxia per se on lipid profiles in lung 
tissue and serum. Again note the abundance of changes in the 
serum profile compared with the lung; hypoxia had minimal 
effects on the lipid profile of (he neonatal lung. The concen- 
tration of 20:5 n3 was decreased in the FFA and TG classes, 
whereas the concentration of 18:3n3 was decreased only in the 
FFA class in i he lung (P < 0.05). In the serum, hypoxia caused 
significant increases in mosl major fatty acid metabolites of the 
TG class, encompassing all fatty acid families measured (P < 
0.05). Several metabolites in ihe DG class of serum were 
increased by hypoxia (e.g., 16:0, 16: 1 n7, 18: (n9, 22:6n3, and 
20:4n6) (P < 0.05). Hypoxia also increased the concentrations 
of several fatty acids in the PC class (e.g., 1.4:0, I6:ln7, 
18:ln9, and 1.8:2n(>) (P < 0.05). Decreases in fatty acid 
concentrations in the serum of hypoxic pups were measured in 
the CE class (e.g., 16:0, 20:5n3, and 20:4n6) and the LPC class 
(e.g., 18:0, 22:6n3 t 18:2n6, and 20:4n6) (P < 0.05). 

Dexamethasone: effects on hypoxic lung and serum lipid 
profiles. The effects of dexamethasone on the lipid profiles of 
lung tissue and serum of hypoxic pups compared with vehicle- 
treated hypoxic pups are depicted in Fig. 3. Although hypoxia 



by itself had little effect, dexamethasone treatment in hypoxic 
pups had profound effects on the lung lipid profile. Dexameth- 
asone elicited increases in many of the fatty acid metabolites in 
the CL class (e.g., 16:0, 18:0, 18:ln9, 22:6n3. and 18:2n6) in 
addition to those in the PC class (e.g., 16:0, 18:3n3, 22:6n3, 
and 20:4n6) (P < 0.05). The lungs of hypoxic pups treated 
with dexamethasone also exhibited decreases in the TG class 
(e.g., 16:0, I8:ln9, 20:5n3, and 20:4n6) (P < 0.05). Other 
isolated changes were measured in the CE. FFA. PE, PS. and 
SM classes (all P < 0,05). Treatment of hypoxic pups with 
dexamethasone increased the serum concentration of numerous 
metabolites in the CE class (e.g.. 16:0, 16: 1 n7, IS: I.n9, 20:5n3, 
and 20:4n6) and elicited various increases in the LPC, PC, and 
SM classes (P < 0.05). Dexamethasone treatment in hypoxic 
pups also decreased the concentrations of various fatty acid 
metabolites in the TG, DG, PC, and PE classes (all P < 0.05). 

Dexamethasone: effects on major fatty acids in the normoxic 
and hypoxic lung. Figure 4 depicts the effects of dexametha- 
sone on the concentrations of major fatty acid metabolites, 
across ail lipid classes, in lung tissue of normoxic and hypoxic 
pups. Dexamethasone elicited a decrease in the concentration 
of 18:ln9 in normoxic (P < 0.02) and hypoxic (P < 0.05) lung 
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Fig. 3. Effects of dexamedrafcone treatment on die concentrations of individual fatty acid metabolites in tang tissue (top) and serum (honom) of neonatal rats 
exposed to hypoxia ta biith. Heat map showing individual fatty acid metabolite concentrations, as they appear in each lipid class, in lung tissue ond scram 
of ?-day-old rats exposed to hypoxia from birth and treated with a tapering dose regimen of dexamethasone (n - 4 rats/treatment). Quantitative data were used 
to calculate the percent increase (yellow squares) or decrease fblue squares) of each measurement from the vehicle-treated hypoxic samples. Significance of 
differences was analyzed by /-test, with colors denoting F < 0.05. Differences not meeting F < 0.05 are shown in black. CardioJipin and phosphatidylserme 
were only measured in the lung. 
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Fig. 4. Effects of dexamethasone treatment on the concentrations of specific 
fatty acid metabolites in lung tissue of norrnoxic and hypoxic neonatal rats. 
Top: concentrations of metabolites belonging to die saturated and n9 families. 
Note that 16:ln9 was not assessed in the lipid profile. Middle: metabolites of 
die n6 family. Bottom: metabolites of the n3 family. Faery acid concentrations 
were obtained by lipid profiling (n - 4 rats/treatment). The concentration of 
each metabolite is the mean concentration across all lipid classes measured. 
^Significant difference from normoxia- vehicle (P < 0.05). 'Significant differ- 
ence from hypoxia-vetucte (P < 0.05). 

tissue when compared with norrnoxic pups treated with vehi- 
cle. Hypoxia had no effect on 16:0, 18:0 r 18:ln9, or J6:1n7 in 
(he lung (P > 0.05). Figure 4, middle, shows four major laity 
acids belonging to the n6 series. Lung tissue of norrnoxic: pups 
treated with dexamcthasonc had decreased concentrations of 
18:2nti (P < 0.001), 20:3n6 (P < 0.001), and 20:4n6 (P < 
0.008). Hypoxia by itself caused significant decreases in 18: 
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2n6 (P < 0.008), 20:3n6 (P < 0.006), and 20:4n6 [P < 0.04). 
Dexamethasone treatment in hypoxic pups resulted in further 
decreases in 18:2n6 (P < 0.006) and 20:3n6 (P < 0.01) in lung 
tissue compared with hypoxic pups treated with vehicle. The 
concentrations of four major n3 fatty acids are depicted in Fig. 
4. bottom. Dexamethasone decreased the concentrations of 
22:5n3 (P < 0.001) and 22:6n3 (P < 0.001) in lung tissue of 
norrnoxic pups. Hypoxia also caused decreases in the concen- 
trations of 22:5n3 (P < 0.02) and 22:6n3 (P < 0.02), as well 
as in the concentration of 20:5n3 (P < 0.05). Dexamethasone 
treatment in hypoxic pups further decreased the concentrations 
of 22:5n3 (P < 0.009) and 22:6n3 (P < 0.001). 

Dexamethasone: e ffects on norrnoxic and hypoxic lung and 
serum lipid classes. Table I summarizes the interaction of 
dexamethasone treatment with hypoxia on lipid class concen- 
trations in lung tissue and serum. The lungs of norrnoxic pups 
treated with dexamethasone showed increases in CE and PC 
(P < 0.02), as well as a large decrease in TG (P < 0.001). 
Hypoxia by itself had no effect on any of the measured lipid 
classes in the lung (P > 0.05). Dexamethasone treatment in 
hypoxic pups increased the concentrations of PC and CL {P < 
0.001) in the lung but decreased the TG concentration more 
than twofold (P < 0.001) compared with hypoxic pups treated 
with vehicle. Nearly all serum phospholipid classes measured 
were increased by dexamethasone treatment in norrnoxic pups. 
These include increases in LPC (P < 0.001), PE (P < 0.001), 
PC (P < 0.001), and SM (P < 0.005). Dexamethasone also 
caused increases in the serum concentrations of TG (P < 
0.008) and CE (P < 0.001) in norrnoxic pups. Hypoxia alone 
caused increases in the serum concentrations of DG and TG 
(P < 0.001). Dexamethasone treatment in hypoxic pups caused 
increases in serum CE (P < 0.001), LPC (P < 0.004), and SM 
(P < 0.05) concentrations and decreases in DG (P < 0.02) and 
TG (P < 0.03) compared with hypoxic pups treated with 
vehicle. 

Dexamethasone: effects on norrnoxic and hypoxic PC- and 
TG-associated fatty acids in the lung. Table 2 highlights the 
effects of dexamethasone on specific fatty acid concentrations 
in the PC and TG classes of norrnoxic and hypoxic lung tissue. 
In the PC class of norrnoxic lung tissue, dexamethasone in- 
creased the concentrations of 16:0 (P < 0.005), 18:2n6 (P < 
0.02), and 20:5n3 (P < 0.04) and also increased the total 
concenuation of saturated fatty acids (P < 0.02) in this lipid 
class. Hypoxia alone had no significant effects on any fatty 
acid concentrations in the PC class (P > 0.05). However, 
dexamethasone treatment in hypoxic pups increased the con- 
centrations of 14:0 (P < 0.03), 16:0 (P < 0.001), I6:ln7 (P < 
0.02), total saturated fatty acids (P < 0.001), 18:2n6 (P < 
0.003), and 20:5n3 (P < 0.02) in the PC class. In die TG class 
of norrnoxic lung tissue, dexamethasone decreased the concen- 
trations of 14:0 (P < 0.02), 16:0 (P < 0.001), total saturated 
fatty acids (P < 0.001), 18:2n6 (P < 0.001), and 20:5n3 (P < 
0.001). Hypoxia by itself decreased the concentrations of 
!8:2n6 (P < 0.01) and 20:5n3 (P < 0.001) in the TG class. 
Treatment with dexamethasone elicited significant decreases in 
the concentrations of 14:0 (P < 0.0 1), 16:0 (P < 0.001), total 
saturated fatty acids (P < 0.001), I8:2n6 (P < 0.001), and 
20:5n3 (P < 0.003) in the TG class of hypoxic lung tissue 
compared with hypoxic pups treated with vehicle. 
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Table I . Effects of dexamethasone and/or hypoxia on 


lipid class concentrations in lung and serum 
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5,673 ±3I3*+ 


LPC 


527 ±19 


729 ±5* 


463 ±5 
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PE 
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3,767 ±160 
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Values are means ± SE. CE, cholesterol ester; DG, diglyccride; TG, triglyceride: LPC, lysophosphatidylcholine: PE, phosphatidyiethanotamine; PC, 
phosphatidylcholine: SM. sphingomyelin: CL, cardiolipin. DG. LPC, PB, and SM concentrations in lung tissue were not affected by dexamethasone (Dcx) or 
hypoxia. CL concentrations were not measured in serum. * Significant difference from Normoxia- Vehicle; P < 0.05 (n - 4). t Significant difference from 
Hypoxia-Vchicle: P < 0.05. 



Dexamethasone: effects on lipid and fatty acid ratios in the 
normoxic and hypoxic lung. Table 3 shows the effects of 
dexamethasone on lipid and fatty acid ratios in lung tissue. In 
normoxic pups, dexamethasone decreased the TG-to-FFA 
(P < 0.005) and TG-to-PC (P < 0.001) ratios and also 
increased the CL-to-DG (P < 0.03) and CE-to-FFA {P < 0.02) 
ratios. Dexamethasone increased the saturated- to-unsaturated 
fatty acid ratio within the CL (P < 0.02) and PC (P < 0.003) 
classes of normoxic lung tissue. The only significant effect of 
hypoxia was to decrease the TG-to-PC (P < 0.04) ratio. 
Treatment of hypoxic pups with dexatnethasone, compared 
with hypoxic pups treaied wiih vehicle, elicited decreases in 
lhe TG-io-FFA (P < 0.02) and TG-to-PC (P < 0.001) ratios. 
Dexamethasone also increased the ratios of CI* lo DG (P < 
0.002), 16:0 to 18:0 (an indicator of elongase activity; P < 
0.05), and I8:3n3 to 20:5n3 (an indicator of A5 and A6 
desaturase activity; P < 0.04) in hypoxic lung tissue. The ratio 
of saturated to unsaturated fatty acids in the CL (P < 0.001) 
and PC (P < 0.004) classes was also increased by dexameth- 
asone. The 18:0-to-18:ln9 (an indicator of A9 desaturase 
activity) and 18:2n6-to-20:4n6 (an indicator of A5 and A6 



Table 2. Effects of dexamethasone and/or hypoxia on fatty acid concentrations in the phosphatidylcholine 
and triglyceride fractions of lungs from neonatal rats 
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Total saturated 


1 1,910^892 
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9,894=1.307 


4, J 92 ± 654*+ 
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451 ±53 


303 ±46 


282 ±82 


264 ±98 


I8:2n6 
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2.231 ±89* 


4.463=448* 


1.440 ±300*+ 


20:5n3 


239=18 


84±5* 


141 ±22* 
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Values are means = SH: n » 4. "Total saturated" signifies the mean concentration of saturated fatry acids for that particular lipid class, calculated from the 
individual values for 14:0, 15:0. J6:0. 18:0. 20:0. 22:0. and 24:0. ^Significant difference from Normoxia- Vehicle; P < 0.05. tSignmcant difference from 
Hvpoxia-Vehicie: P < 0.05. 



desaturase activity) ratios were not significantly affected by 
dexamethasone or hypoxia (P > 0.05; data not shown). 

Dexamethasone: effects on the normoxic and hypoxic lipid w 
profile of the brain. The effects of dexameihasone on the brain ® 
lipid profile of normoxic and hypoxic pups are shown in Table 
4. Dexameihasone treatment it) normoxic pnps elicited in- 3 
creases in FFA (e.g., 1.4:0 and 20:4n6), PE (20:2n6), and PS 
(20:2n6) classes (P < 0.05). Hypoxia alone increased the 
concentration of 20:2n6 in the PE class, increased 22:5n3 and 
20:3n6 in the TG class, and decreased the concentration of 5 
18: ln7 in the PS class (P < 0.05). Dexamethasone treatment in 
hypoxic pups elicited increases in DG (I8:ln7), FFA (e.g. x 
22:6n3 and 20:4n6), PC (20:2n6), PE ( 18:ln7 and 20:3n9), and 3 
PS (20:3n9 and 20:3n6) (P < 0.05). The brains of hypoxic 
pups treated with dexamethasone also had decreased concen- c 
trations of 20:3n9 in the TG class (P < 0.05). S 

DISCUSSION g 

o 

The use of comprehensive lipid profiling has led to die 
development of a highly detailed metabolic characterization of 



o 
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Tabic 3. Effects of dexamethasone and/or hypoxia on lipid class ratios, fatty acid ratios within lipid classes, and fatty acid 
ratios across lipid classes in lungs from neonatal rats 





Nornioxia-V chicle 


Non noxia-Oex 


H ypux i»i-V u hie Jc 




Lipid class ratio. 










TC/FFA 


1.52 ±0.24 


0.75.7.0.08* 


1.22=0.15 


0.60±0.l0*t 


CL/DC 


0.82?:0.06 


L30.v0.05* 


0.97.7.0.04 


l.7l7;0.25*1- 


CE/RFA 


0.36 ±0.05 


0.6^ * 0.07* 


0.38=0.06 


0.47 ±0.05 


TO/PC 


L06-.v0.09 


fK33.v0.02* 


0.87 + 0.10* 


0.24.7.0.04*t 


Fauy acid ratio within lipid classes 










Sat/Unsat-Ct. 


0.70 ?;0.01 


(X811V0.02* 


0.75 ±0.02 


0.927.0.05*+ 


Sat/Unsai-PC 


1.62 ±0.08 


2.15.7.0.05* 


1.82=0.05 


Z32±0.I7rf 


Fatty acid ratio across lipid classes 










16:0/18:0 


2J4±0.06 


2.37 ±0.05 


2.19=0.08 


2.44±0.ll*+ 


18:2n6/20:4n6 


1.22=0.07 


1.42=0.08 


1.15 ±0.04 


l.08±0.O5 


!S:3a3/20:5n3 


0.63 ±0.03 


0.8 i ±0.07 


0.79=0.08 


l.20±0.22*t 



Values are means ± SE; n - 4. FFA. free fa try acid; Sat, mean concentration of all saturated tatty acids; Unsat mean concentration of all unsaturated fatty 
acids. + . Significant difference from Normoxia- Vehicle; P < 0.05. t Significant difference from Hypoxia- Vehicle; P < 0.05. 



tissues affected by an intervention or disease process (8, 9, 5L 
52). The present study utilized this robust technology to ex- 
amine the effects of dexamethasone treatment on lipid metab- 
olism in normoxic and hypoxic neonates. The results extended 
previous findings in the lung with a broader and more detailed 
analysis of lipid composition (6 t 43, 45, 47). We measured 
unique changes in serum lipid profiles as a result of dexameth- 
asone treatment and/or hypoxia, the most notable being the 
differential effects dexamethasone had on serum TG concen- 
trations between normoxic and hypoxic pups. We also demon- 
strated specific and direct actions of dexamethasone on the 
lung, independent of changes in serum. Finally, the subtle 
changes in fatty acid composition in the brain with dexameth- 
asone may have affected development of the centraJ nervous 
system. 

Effects of dexamethasone on the lipid profile of the normoxic 
lung. Previous studies have demonstrated thai dexamethasone 
promotes lung maturation through the stimulation of surfactant 
production (6, 33, 47, 50). This action of dexamethasone can 
be divided into at least two mechanisms: /) to promote the 
production of surfactant-associated proteins (45) and 2) to 



Table 4. Significant effects of dexamethasone and hypoxia 
on fatty acid concentrations of brain lipid classes 



Lipid Class 


Fauy Acid 


Dcx vs. Vehicle 
Nonnoxia 


Dcx vs. Vehicle 
Hypoxia 


Hypoxia vs. 
Nonnoxia Vehicle 


DC 


I8:In7 


ns 


ns 


+32% 


FFA 


14:0 


+ 75% 


ns 


ns 




20:3n6 


4-116% 


ns 


+ 170% 




20:4n6 


+ 74% 


ns 


+ 119% 




18: in? 


-HJ7% 


ns 


+57% 




22:6n3 


ns 


ns 


+ 121% 


PC 


20:2n6 


ns 


ns 


+24% 


pl: 


20:2n6 


+52% 


+3S% 


ns 




20:3n9 


ns 


ns 


+46% 




IS:!n7 


ns 


ns 


+21% 


PS 


20:2n6 


+32% 


ns 


ns 




20:3n6 


ns 


ns 


+36% 




20:3n9 


ns 


ns 


+46% 




18:ln7 


ns 


-43% 


ns 


TG 


20:3n6 


ns 


+286% 


ns 




20:3n9 


ns 


ns 


-92% 




22:5n3 


ns 


+ 582% 


ns 



All values were considered significant (P < 0.05). except ns (not significant: 
P > 0.05). Increased: -. decreased. 



increase the activity of choline -phosphate cytidylyltransf erase, 
the enzyme responsible for the synthesis of PC (43). The 
concentration of lung PC was increased in our study, and we 
also found an increase in the concentration of saturated fatty 
acids associated with PC. Although die present analysis did not 
measure distinct molecular species, the observed effect of 
dexamethasone is likely due to increased incorporation of 16:0 
into PC (6). Interestingly, dexamethasone also increased the 
concentration of 18:2n6 and 20:5n3 in the PC class of the lung 
while decreasing the total concentrations of these fatly acids 
across lipid classes. This is a novel finding and could play a 
role in lung pathology, since a previous study found that 
increased PC concentrations of 18:2n6 and 20:5n3 induce 
detrimental changes in lung function (6, 47, 53). 

Dexamethasone treatment in die normoxic neonate also led 
to increased concentrations of CE in the lung. Surfactant lipids 
are composed of PC and CE species as well as anionic 
phospholipids (48). It has been shown that the dexamethasone- 
induced increase in surfactant CE is most likely due to in- 
creased delivery of very- low- density lipoprotein CE to type II 
pneuraocytes (21). Decreases in the ratios of lung TG to FFA 
and TG to PC, along with an increase in the ratio of CE to FFA, 
suggest that dexamethasone acts by stimulating the transfer of 
faity acids from the TG class to the CE and PC classes. 
Another novel finding was that dexamethasone increased ihe 
GL-lo-DG ratio, suggesting that dexamethasone stimulates the 
synthesis of CL. a product of DG metabolism. We also mea - 
sured an increase in the saturation of CL -associated fatty acids. 
CL is associated with mitochondrial functions such as proton 
trapping, apoptosis, and oxidative metabolism (22, 26, 28). The 
implications of the relationship of these findings to lung func- 
tion are likely to be significant and deserve further attention. 

Effects of dexamethasone on the lipid profile of the frypoxic 
lung. Hypoxia alone had few effects on the lipid profile of the 
lung and had no significant effect on any single lipid class. The 
effects of hypoxia were subtle and only evident on the total 
concentrations of specific fatty acid metabolites as they oc- 
curred across lipid classes. In fact, hypoxia decreased the 
concentrations of only polyunsaturated fatty acids (e.g., 18: 
2n6. 20:4n6. 20:5n3 ? and 22:6n3) throughout the lung. Fatty 
acids of this type may actually be dcuimental to the action of 
surfactant in lung function (6. 47, 54); their decreased concen- 
trations may represent an inherent mechanism by which the 
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hypoxic neonate alters lipid metabolism in an attempt to adapt 
to the environment. Hypoxia only tended to increase the 
concentration of PC and the saturation of PC-associated fatty 
acids and tended to decrease the concentration of lung TG, 
which could also be part of an adaptive response. 

The pulmonary benefits of dexamethasone treatment in hyp- 
oxic neonates have been extensively studied (7, 13, 23, 46). 
Our results indicate that many of the effects of dexaineihasone 
measured in the normoxic lung were qualitatively similar to 
(hose found in the hypoxic lung. Moreover, ihese effects were 
often more pronounced in the hypoxic lung and highlight the 
benefits of dexamethasone treatment in neonatal respiratory 
distress. Dexamethasone increased the concentration of PC and 
CL in the hypoxic lung and further decreased the concentration 
of TG (compared with vehicle- treated hypoxic pups). In the PC 
fraction of the hypoxic lung, dexamethasone increased the 
concentrations of numerous fatty acid metabolites (e.g., 16:0, 
16:in7, and I8:2n6). Perhaps the most notable change in the 
dexamediasonc-u-eated hypoxic lung was the increased con- 
centration and saturation of CL. As stated above. CL has been 
implicated in a variety of mitochondrial functions and is a key 
component of the inner mitochondrial membrane (26, 28). 
Increased mitochondrial CL concentrations could confer ad- 
vantages ai the cellular level by increasing the efficiency of 
oxidative phosphorylation under nonoptimaJ conditions, such 
as hypoxia (22, 28). Our findings suggest another possible 
beneficial effect of dexamethasone treatment in the lungs of 
hypoxic neonates. 

Effects of dexamethasone on the serum lipid profile. Treat- 
ment of normoxic pups with dexamethasone resulted in global 
increases in serum lipids. Wc have previously reported in- 
creased serum concentrations of TG and total cholesterol after 
dexamethasone treatment (9). The present results extend the 
characterization of serum lipids and fatty acids affected by 
dexamethasone. .Another study, which examined the effects of 
dexamethasone on serum lipids in neonates with bronchopul- 
monary dysplasia, measured increases in plasma TG and FFA 
(2). Interestingly, the FFA class was the least affected in our 
study. The dexamethasone -induced increases in serum TG and 
CE are likely due to the stimulation of very -low -density li- 
poprotein synthesis and secretion by the liver (38), which may 
have contributed to changes in CB concentrations in the lung 
(21). Dexamethasone also induced increases in serum PC 
concentrations, which may have contributed to the increase in 
lung PC. However, the twofold-greater concentration of PC in 
the lung (compared with the serum) suggests a direct effect on 
the lung itself, as described previously (6, 43, 45, 47). 

We and others have previously shown that hypoxia in 
neonates leads to increased serum TG concentrations (9, 12, 
18, 20, 29). Hypoxia may modulate the function of enzymes 
associated with TG synthesis and degradation (12, 38). The 
only significant effect of hypoxia on serum lipids, besides 
increased TG, was an increase in DG. A small component of 
the increase in DG could be explained by changes in dietary 
intake (10). since our experimental approach requires hypoxic 
exposure of the dam. Dexamethasone treatment in hypoxic 
pups did not mimic the effects observed in serum of normoxic 
pups. The concentrations of CE, LPC, and SM were increased 
by dexamethasone in serum from normoxic and hypoxic pups. 
Dexamethasone decreased. the concentration of semrn TG in 
the hyjx>xic pups (compared with vehicle- treated hypoxic 



pups), an effect opposite of dial found in normoxic pups. This 
finding is at variance with previous results from our laboratory, 
which found serum TG in the hypoxic pup to be further 
increased by dexamethasone (9). This discrepancy be! ween 
studies is likely the result of sample handling and/or assay 
methodology; the previous study utilized a colorimetric assay 
to measure TG (9). 

Effects of dexamethasone on brain lipid profile. Hypoxia by 
itself also had a minimal effect on brain lipids. This study, to 
our knowledge, is the first to provide a highly detailed profile 
of brain lipid and fatty acid concentrations after dexametha- 
sone treatment in neonates. Jt is now generally accepted that 
neonatal dexamethasone treatment is detrimental to net) rede- 
velopment and brain function in the long term (4, 15, 30, 36, 
37, 55). The exact mechanisms through which mis dysfunction 
develops remain uncertain. A recent study (32) found that 
ncurite growth is dependent on increased internalization of 
20:4n6 and 22:6n3, which arc eventually incorporated into 
phospholipids. These two fatty acids have also been implicated 
in the proper development of the visual system (27). Although 
we did noi detect increased concentrations of ihese I wo fatty 
acids in any phospholipid class, we did measure an increase in 
20:4n6 in the FFA class of dexamethasone- treated normoxic 
pups. Likewise, hypoxic pups treated with dexamethasone had 
increased concentrations of 20:4n6, as well as 22:6n3, in the 
FFA class. The significance of these findings and how they 
may relate to future neural dysfunction remain unclear. Be- 
cause we analyzed the brain as a whole, we could not evaluate 
potential changes in lipid composition in specific nuclei or 
brain regions. 

Summary and perspectives. Dexamethasone is used to treat 
neonatal lung disease, which is often due to bronchopulmonary 
dysplasia or other inflammatory processes (2 t 13, 33, 46, 50). 
These syndromes are often the result of premature birth. In die 
United States, ~12% of live births annually are preterm, 
providing a large population of potential candidates for dexa- 
methasone treatment (I). The benefits of dexamethasone use in 
treating lung disease of prematurity are well characterized, and 
the main function of mis treatment is to promote the production 
of surfactant (6, 43, 45, 47). Our results extend these findings 
and offer additional insight into the beneficial role dexameth- 
asone treatment has on lung function. As with any animal 
model, caution must be taken when extrapolating results to 
human pathophysiology. For example, alveoiarization of the 
rat lung occurs postnatally, and surfactant phospholipid metab- 
olism differs from species to species (II, 44). Dexamethasone 
therapy has been shown to decrease the time sick infants 
require ventilation, but its overall effects on morbidity and 
mortality remain a point of argument (4, 39). 

Although the use of dexamethasone for the treatment of 
neonatal illness is on the decline, there are still situations in 
which the benefits of treaurtent far outweigh the short- and 
long-term risks (33). A number of recent studies have shown 
that dexamethasone use in the neonate leads to neurological 
dysfunction later in life (4, 15. 30, 36, 37. 55). It is now a 
general consensus that, when required, the dose of dexameth- 
asone should be reduced to the smallest effective dose (4, 42, 
50). Our results indicate that the detrimental effects of dexa- 
methasone on brain function likely do not involve short-term 
changes in lipid metabolism. This suggests a more subtle effect 
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on ncurodevclopment and helps to explain why these develop- 
mental defects often do not present until adolescence (36. 55). 
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Dexamethasone-Induced Suppression of Aortic 
Atherosclerosis in Cholesterol-Fed Rabbits 

Possible Mechanisms 

Kanichi Asai, Chiaki Funaki, Toshio Hayashi, Kazuyoshi Yamada, Michitaka Naito, 
Masafumi Kuzuya, Futoshi Yoshida, Noboru Yoshiminc, and Fumio Kuzuya 

We investigated the mechanisms by which corticosteroids affect atherosclerosis. Male New Zealand White 
rabbits were Injected with 0.125 mg dexamethasone (n = 10) or vehicle (control group, n=10). Both groups 
were fed a 1% cholesterol diet for 8 weeks. Although the dexamethasone- treated animals exhibited a 
greater degree of hyperiipidemia, they exhibited significantly less atherosclerotic plaque of the aortic 
surface than control animals (7.8% versus 47.2%). Immunofluorescence study of the aortic plaque 
specimens showed that dexamethasone administration reduced both macrophages and T lymphocytes. In 
vitro, dexamethasone suppressed the proliferation and differentiation of U937 cells and inhibited uptake 
and degradation of 0-very low density lipoproteins by mouse peritoneal macrophages. These findings 
suggest that dexamethasone suppresses the development of atherosclerosis in the aorta of rabbits by 
inhibiting recruitment and proliferation of macrophages and the formation of foam cells in plaques. 
(Arteriosclerosis and Thrombosis 1993;13:892-899) 

Keywords • dexamethasone • atherosclerosis • macrophages • rabbits • pathogenesis 



A therosclerotic plaque is characterized by intiraal 
/A cell proliferation, lipid accumulation, and con- 
X A necttve tissue deposition. Because plaque has 
features similar to those associated with chronic inflam- 
mation, such as the accumulation of macrophages, 1 - 2 
anti-inflammatory agents have been evaluated in the 
treatment of atherosclerosis. 3 Anti-inflammatory drugs, 
including corticosteroids, have been found to suppress 
the development of atherosclerosis in both cholesterol- 
fed New Zealand White rabbits 4 - 5 and Watanabe heri- 
table hyperlipidemic rabbits. 6 In a different model of 
experimental atherosclerosis, dexamethasone inhibited 
both the leukocyte accumulation and intimal thickening 
induced by cuff sheathing in the rabbit carotid artery; 
indomethacin, a cyclooxygenase inhibitor, had little 
effect. 7 However, the mechanisms by which corticoste- 
roids exert an inhibitory effect on atherosclerotic plaque 
formation remain to be elucidated. In particular, the 
phenomenon of reduced plaque formation in the pres- 
ence of enhanced hyperiipidemia in corticosteroid- 
treated, cholesterol-fed rabbits 3 - 4 has not been ex- 
plained. Since monocyte-derived macrophages are 
thought to play an important role in atherogenesis, we 
attempted to clarify the mechanism of action of corti- 
costeroids by focusing on the effect of corticosteroid 
treatment on macrophages. We investigated the effects 
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of dexamethasone on plasma lipoproteins and on the 
distribution of macrophages and T lymphocytes in 
plaques of cholesterol-fed rabbits. We also conducted in 
vitro experiments using monocyte/macrophage-like 
cells. 

Methods 

Animal Experiments 

Twenty male New Zealand White rabbits weighing 
2.2-2.5 kg were divided into two groups: a dexametha- 
sone-treated group (n=10) and a control group (n = \0). 
Both groups were fed a 1% cholesterol diet for 8 weeks. 
During those 8 weeks, the dexamethasone-treated 
group received daily injections of 0.125 mg i.m. (0.050- 
0.057 mg/kg body wt) of dexamethasone (Banyu Phar- 
maceutical Co., Tokyo) in 0.1 mL of vehicle. The 
control group received only vehicle, which contained 
sodium bisulfate (0.5 mg/mL), methyl p-hydroxyben- 
zoate (1.5 mg/mL), propyl p-hydroxybenzoate (0.2 mg/ 
mL), and creatinine (8 mg/mL). Blood was sampled at 
4-week intervals for the determination of hemoglobin, 
serum total cholesterol (TC), total protein, and glucose. 
Very low density lipoprotein (VLDL, d< 1.006 g/mL) 
was separated from plasma by ultracentrifugation, 8 and 
the concentrations of protein, TC, and triglyceride (TG) 
were measured. TC/TG was calculated as an index of 
the composition of lipids in VLDL. After 8 weeks, all 
rabbits were killed by injection of sodium pentobarbital 
(150 mg i.v.); the whole aorta was removed and incised 
longitudinally. The aortic surface involved by plaque 
was traced within 12 hours of removal of the aortas, 
assessed quantitatively by planimetry with a computer, 
and expressed as the proportion (percent) of the area of 
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plaque involvement to that of the entire area of the 
aorta. 

All experiments were conducted in accordance with 
institutional guidelines for animal studies. 

Immunofluorescence Study of Aortic Specimens 

Small portions were obtained from the aortic base 
from two representative animals in each group with the 
highest or the second highest serum cholesterol level, 
snap-frozen in liquid nitrogen, and stored at -80°C 
until studied. Frozen tissues were cut into 2-juxn sections 
with a cryotstat: Sections were fixed with acetone at 
room temperature for 10 minutes and air-dried. After 
being washed with 0,01 mol/L pbosphateVbuffered sa- 
line {PBS), the sections were incubated for 20 minutes 
with an optimal concentration of the mouse monoclonal 
anti-macrophage immunoglobulin M (IgM) antibody 
(HAM-56, Enzo Diagnostics, New York). The sections 
were washed three times with PBS and then incubated 
with fluorescein isothiocyanate (FITC) -conjugated rab- 
bit antibody against mouse IgM (HAM- 56). Similarly, 
to stain the T lymphocytes lii plaques, the sections were 
first incubated with goat anti-rabbit ^lymphocyte poly- 
clonal antibody (CL-8800, Cedarlane Laboratories, 
Hamby^ Canada) and then stained with FITDconju- 
gated rabbit anti-goat IgG. In addition, small portions 
from the aortic base were fixed in 10% formalin, em- 
bedded in paraffin, and stained with hematoxylin and 
eosin. 

Proliferation and Differentiation of U937 

Proliferation of W37 cells and fHJthymutine incorpo- 
ration into cellular DMA. U°37 cells (GRL 1$9& Amer- 
ican lype Culture Collection, Rocxville, Md.) were 



cultured in RPMl 1640 (Nissui Pharmaceutical Co., 
Tokyo) supplemented with 10% fetal calf scrum (FCS, 
Cell Culture Laboratories, Cleveland, Ohio) in a humid- 
ified COj (5%) incubator at 37'C Ceil growth was 
arrested in cultures of U937 cells at a cell concentration 
of ~1XIQ* cells/mL by transfer of cells to RPMI 1640 
with 0.5% PCS; cells were incubated in this medium for 
48 hours. The incubated cells were seeded in RPMI 
1640 with 10% FCS (growth medium) at a density of 
l,5r-1.6xl0 5 /mL and were incubated for 48 hours with 
dexamethasone in concentrations of 10"* to 10" 6 mol/L 
(Sigmift Chemical Go>, St. Louis, Mo ) dissolved in 
ethahoL The final concentration of ethariol in the 
incubation medium was 0,1% (vol/vol). After 48 hours 
of treatment, the cells were counted with a bemocytom- 
cter (model CC-130, Sysmex, Tokyo). 

DNA synthesis during dexamethasone treatment was 
evaluated by pH]thymidinc (TdR) ^corporation. The 
U937 cultures, which bad been growth arrested arid 
incubated for 48 hours in RPMI 1640 with 0.5% FCS, 
were incubated m a growth medium containing 1.0" 9 to 
10~* mol/L dexamethasone and incubated for 24 hours* 
Aliquots (1 mL) with a density of 4 x10 s cells/mL were 
incubated witn3;7 kBc>L of [>H]TdR (NEN Research 
Products, Boston) fox 2 hours at 3TC. The cells were 
then washed twice with Dulbecco/s PBS, and the radio- 
activity in triclilpro^cetic acid (TCA, Katayama Chem- 
ical, Osaka, japaii)-insolubIe fractions was measured 
Dijferenhatwnof^^ The U937 cell 

line is a well-characterized representative of monocytic 
ceUs that e on stimulation with dt&erentiation*inducing 
agents such as phorbol esters, mature along the mono- 
cytic pathway;,* When stimulated by pborboi 12- 
myristate 13-aeetate (PMA, Sigma), these cells adhere 




Mean±S.D. jxO.001 

Figure 1. Plague involvement of aortic surface. Panel A: Drawing showing aortic surface plaque involvement traced within 12 
hours of removal of aortas. Black portions represent areas of plaque. Panel B: Bar graph showing aortic surface involvement 
expressed as the proportion (percent) of the area of aortic plaque involvement to the entire aortic area. 
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FIGURE 2. Facing page. Immunofluorescence photomicro- 
graphs. Panel A: Aortic plaque lesions from a representative 
control rabbit (anti-macrophage antibody; HAM-56; original 
magnification, x400). Note the cluster of positively stained 
cells in core lesions of atheromatous plaques. Panel B: 
Dexamethasone-treated rabbit. Few positive cells were ob- 
served in lesions (original magnification, x400). Panel C; 
Plaque lesions from a control rabbit (anti-T-fymphocyte 
antibody; CL-8800; original magnification, x200). Round, 
positively stained cells were seen in plaques. Panel D: Lesions 
from a dexamethasone-treated rabbit showed no positively 
stained cells (original magnification, x200). 



to plastic and exhibit macrophage-like characteristics. 10 
To assess the effect of dexamethasone on the PMA- 
induced differentiation, we counted the number of the 
adherent cells 10 after they were cultured for 72 hours 
with 10"' to 10* 6 mol/L dexamethasone and 10~ 9 mol/L 
PMA dissolved in dimethyl sulfoxide (DMSO, 
Katayama Chemical). The final concentration of DMSO 
in the incubation medium was 0.1% (vol/vol). Percent- 
age of adherent cells was calculated as number of 
adherent cells divided by number of nonadherent cells 
plus adherent cells times 100 (%). 

In each experiment, the viability of U937 cells was 
determined by trypan blue dye exclusion. Results are 
given as the average of triplicate incubations. 

Binding, Uptake, and Degradation of p-VLDL by 
Mouse Peritoneal Macrophages 

Unstimulated ddY mice weighing 25-30 g were anes- 
thetized with ethyl ether in air, and peritoneal cells were 
harvested in Dulbecco's PBS. 11 Cells were collected by 
centrifugation (4QCg, 10 minutes) and washed once with 
Dulbecco's modified Eagle's medium (DMEM, Nissui 
Pharmaceutical Co.). Aliquots (1 mL) were dispensed 
into 12-well dishes (Corning 25815, Corning, N.Y.) in 
DMEM containing 20% (vol/vol) FCS and then incu- 
bated in a humidified C0 2 (5%) incubator at 3TC for 2 
hours. After being washed to remove the nonadherent 
cells, the monolayers were incubated with or without 
10~ 7 mol/L dexamethasone for 36 hours at 37°C in 
DMEM containing 20% FCS and then used in experi- 
ments. 11 Each dish contained about 70-90 /ig cell 



Table 1. Effects or Dexametbiaone Administration on Body 
Weight, Organ Weight, and Major Laboratory Parameters In 
Cholesterol-Fed Rabbit* 





Control 


Dexamethasone 


Body weighi (g) 


2,924±)34 


2,447*111* 


Organ weight 






Liver (g) 


126±11 


118*10 


Adrenal gland (g) 


0.53±0.23 


0.21±0.13f 


Hemoglobin (g/dL) 


10.4*11.2 


11.0*0.8 


Toial protein (g/dL) 


6.4 ±0.8 


7.6*0.4* 


Total cholesterol (mg/dL) 


1,804*612 


4,089*1,181* 


Glucose (mg/dL) 


146±28 


124*22 



Values are mean-SD. n^lO. Dexamethasone (0.125 mg) was 
injected intramuscularly for 8 weeks, 
•p < 0.001 ;tp<0.01. 



protein, which was not substantially altered by dexa- 
methasone treatment. 

0-VLDL separated from the plasma of cholesterol- 
fed rabbits was labeled with 37 MBq of [ ,23 I]NaI (NEN 
Research Products) by the iodine monochloride meth- 
od. 12 The specific activity of l25 I-0-VLDL ranged from 
20 to 40 cpm/ng iodine monochloride protein. Treat- 
ment with 15% TCA consistently precipitated >97% of 
the radioactivity. An average of 3.5% radioactivity was 
present in the lipid, as determined by chloroform/ 
methanol extraction. After the medium was replaced by 
DMEM containing 0.3% bovine serum albumin (BSA, 
Sigma) with or without 10" 7 mol/L dexamethasone, the 
cells were incubated with l23 I-0-VLDL for 5 hours. The 
total cellular content (cellular uptake) of l25 I-0-VLDL 
in the peritoneal macrophages was measured. 13 The 
proteolytic degradation of ,25 I-/J-VLDL by the cells was 
determined by assaying the amount of the l25 I-labeled, 
TCA-soluble material excreted into the medium from 
the cells. 13 For the binding study, the cells were incu- 
bated with ,25 I-/3-VLDL at 4°C for 2 hours. Each dish 
was washed six times with 2 mL of buffer containing 50 
mmol/L tris(hydroxymethyl)aminomethane chloride 
(pH 7.4), 0.15 mol/L NaCI, and 6 mg BSA. The cells 
were then dissolved in 1 mL of 0.1N NaOH and 
incubated for 1 hour at room temperature. The entire 
sample was assayed to determine the radioactivity asso- 
ciated with the cells. 13 - 14 In all cases, the cells were 
incubated with the indicated concentration of 125 I-/3- 
VLDL in the presence or absence of a 20 -fold excess of 
unlabeled 0-VLDL. Specific binding, uptake, or degra- 
dation was calculated by subtracting the amount of 
l25 I-0-VLDL measured in the presence of unlabeled 
0-VLDL from the amount measured in the absence of 
unlabeled 0-VLDL. 

Each data point represents the average of duplicate 
incubations. The protein content of the lipoproteins 
and cell extracts was determined by the method of 
Lowry et al. 15 

Other Assays 

Serum levels of cholesterol, 16 TG, 17 total protein, and 
glucose were determined by established procedures. 
Data are expressed as mean±SD. Statistical signifi- 
cance was determined by Student's / test, with the 
probability level set at p<0.05. 

Results 

Macroscopic and Microscopic Findings 

As illustrated in Figures 1A and IB, dexamethasone 
suppressed plaque involvement of the aortic surface by 
83% compared with control rabbits (p<0.001). Micro- 
scopic study of plaques from the aortic base showed a 
markedly raised intima with proliferation of foam cells 
in control rabbits. In dexamethasone-treated rabbits, 
the lesions consisted of fewer layers of foam cells. 

Immunofluorescence Study 

Immunofluorescence microscopic study using anti- 
macrophage monoclonal antibody (HAM-56) showed 
clusters of positively stained cells in atherosclerotic 
plaques of the control animals (Figure 2A). There was a 
marked decrease in these cells in the dexamethasone- 
treated rabbits (Figure 2B). Similarly, aortic specimens 
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Table 2. Effects of Deiamethasone Administration on Fractions of Very Low Density Lipoprotein 





Protein 


TC 


TG 






(mg/mL) 


(mg/dL) 


(mg/dL) 


TC/TG 


Control 










4 Weeks 


3.8±1.0 


1,064.5±548.7 


51.3±25.5 


21.3*6.2 


8 Weeks 


5.4±2.1 


1,443.3±538.4 


143.0±55.3 


J0.6±4.0 


Dexamethasone 










4 Weeks 


6.0±1.8* 


1,98S.7±671.0* 


323.3±l08.8t 


6.5 ± 2.3 1 


8 Weeks 


8.0±2.7' 


3,623.5± 1,540.2- 


254.9±270.1 


32.0±21.2* 



TC, total cholesterol; TG, triglyceride. Values are meansSD. 
•p<0.01, t/?<0.001, fe><0.05, control vs. dexamethasone. 



stained with anti-T-rymphocyte polyclonal antibody 
(CL-8800) showed some T lyrnphocytes in the plaques 
of the control rabbits but almost no T lymphocytes in 
aortic specimens from dexamethasone-treated animals 
(Figures 2C and 2D). 

Body Weight, Organ Weight, and 
Laboratory Parameters 

The serum TC level in the dexamethasone-treated 
group was more than twice that of the control group 
(Table 1): 1,804±612 mg/dL (control) versus 4,089± 1,181 
mg/dL (dexamethasone-treated) (p<0.001). Serum total 
protein levels in the dexamethasone-treated group were 
significantly higher than in the control group (p< 0.001). 
Hemoglobin and serum glucose did not differ significantly 
between the two groups. Baseline body weights were 
similar in both groups: 2,266±163 g (control) versus 
2, 266 ±111 g (dexamethasone-treated). At autopsy, the 
body weight of the dexamethasone-treated animals was 
significantly (p<0.001) decreased compared with control, 
indicating that the dexamethasone-treated rabbits gained 
less weight during the experimental period. The weights of 
major organs did not differ between the groups, with the 
exception of the adrenal gland, which was significantly 
(/?<0.01) smaller in the dexamethasone-treated group. 

Analysis of VLDL Fractions 

Analysis of VLDL fractions revealed a significant 
increase in protein (/><0.01), TC (p<0.01), and TG 
(p<0.001) in the dexamethasone-treated group com- 
pared with the control group at 4 weeks (Table 2). In 
the dexamethasone-treated group, the TC/TG was sig- 
nificantly lower (p<0.001) at 4 weeks but was signifi- 
cantly higher (p<0.05) at 8 weeks. 

Proliferation and Differentiation of U937 Cells 

The U937 cells used in this study consistently showed 
a viability of >95%, as determined by trypan blue dye 
exclusion. As shown in Figure 3, top panel, dexameth- 
asone at concentrations of 10" 8 to 10" 6 mol/L signifi- 
cantly (10-* mol/L, p<0.05; 10" 1 to 10" 6 mol/L, 
p<0.001) suppressed the increase in number of U937 
cells after 48 hours of culture. Cell viability was >90% 
after treatment with 10"* to 10" 6 mol/L dexamethasone, 
similar to celt viability in the control group (Figure 3, 
top). When DNA synthesis was evaluated by [ 3 H]TdR 
incorporation, U937 cells incubated with 10~ 6 mol/L 
dexamethasone for 24 hours showed a significantly 
(p<0.05) decreased DNA synthesis (Figure 3, bottom). 
Again, cell viability did not differ between the control 
and dexamethasone-treated cells. These results suggest 



that dexamethasone suppressed the proliferation of 
U937 cells without causing significant toxic effects. 

The U937 cells incubated with 10" 9 mol/L PMA for 
72 hours showed a sixfold increase (from 4.9% to 
29.9%) in adherence, as measured by percent adher- 
ence to plastic dishes (Figure 4). Dexamethasone at 
concentrations of 10" 7 to 10" 6 mol/L significantly 
(p<0.001) reduced the percentage of adherent U937 
cells. When the viability of residual nonattached cells 
was examined, the PMA-treated cells showed a slight 
decrease after 72 hours of incubation: 95.2% (0.1% 
DMSO control) versus 91.6% (0.1% ethanol control 
with PMA). The dexamethasone-treated cells showed at 
least 88.5% viability (10" T mol/L), indicating that dexa- 
methasone treatment did not produce any significant 
decrease in the viability of nonattached cells. 

Binding, Uptake, and Degradation of m J~p-VLDL by 
Mouse Peritoneal Macrophages 

The effects of dexamethasone at 10" 7 mol/L on ,23 I- 
0- VLDL binding, uptake, and degradation as a function 
of ligand concentration appear in Figure 5. Treatment 
with 10~ 7 mol/L dexamethasone did not alter the bind- 
ing of ,25 I-£-VLDL to mouse peritoneal macrophages 
(Figure 5, top panel). In contrast, dexamethasone treat- 
ment reduced ,I5 I-0-VLDL uptake and degradation 
(Figure 5, middle and bottom panels). The saturation 
curve of l2S I-0-VLDL degradation showed a pattern in 
the effect on receptor activity: the apparent Vo^^, was 
reduced, whereas the K m did not change. 

Discussion 

The mechanism by which corticosteroids inhibit diet- 
induced atherosclerosis in rabbits has not been estab- 
lished. Our results showed that dexamethasone reduced 
the development of grossly visible atherosclerotic 
plaques by an average of 83% in cholesterol-fed rabbits, 
despite the development of a greater degree of hyper- 
lipemia in treated animals. These findings are consis- 
tent with previous reports. 4 - 6 Less plaque formation in 
the presence of more highly elevated serum cholesterol 
levels contradicts the assumption that the severity of 
atherosclerosis is proportional to serum cholesterol 
levels. We performed lipoprotein analysis, an immuno- 
fluorescence study of plaques, and in vitro experiments 
to examine the effects of dexamethasone on U937 cells 
and mouse peritoneal macrophages in an attempt to 
explain this paradox. Our analysis of VLDL fractions 
indicated that VLDL concentration was increased in 
dexamethasone-treated animals, but there was no con- 
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FiOURE 3. Bar graphs showing effects of dexamethasone on 
proliferation of U937 cells. Upper panel Cell count after 48 
hours of culture. Cultures of U937 cells at a concentration of 
*>lxl0 6 /mL were growth arrested by being transferred to 
RPM1 1640 with 0.5% fetal calf serum and were then 
incubated for 48 hours. The incubated cells in a concentration 
of 1.5-1.6x10? ImL (pre) were then incubated in the growth 
medium with or without (control cells) the indicated concen- 
tration of dexamethasone for 48 hours. The number of cells 
was counted by hemocytometer. Lower panel: [ J HJThymidine 
(TdR) incorporation into cellular DNA. U937 cells, growth 
arrested and incubated as in upper panel were incubated in 
growth medium containing the indicated concentration of 
dexamethasone for 24 hours. Aliquots (I mL, 4x10? cells/ 
mL) were incubated with 3.7 kBq/L [ 3 H]TdR for 2 hours. 
After aliquots were washed with Dulbecco's phosphate-buff- 
ered saline, radioactivity in trichloroacetic acid-insoluble 
fractions was counted. Each point represents the mean of five 
incubations. The cell viability was determined by trypan blue 
dye exclusion. Each point represents the average of triplicate 
determinations. &, Cell viability (pre); O, cell viability without 
dexamethasone (0, control); •, cell viability with the indicated 
concentration of dexamethasone. *p<0.05; ***p< 0.007 (vs. 
control). 

sistent difference in TC/TG of VLDL fractions between 
the two groups throughout the experiment. 

Macrophages specifically and saturably bind gluco- 
corticoids via their cytosol receptors, 18 which, in turn, 
modulate numerous macrophage functions. 19 Our in 
vitro results using the monocyte/macrophage cell line 
U937 showed that dexamethasone suppressed not only 
proliferation of these cells but also their PMA-induced 
differentiation without significantly affecting cell viabil- 
ity. These observations are consistent with previous 




Figure 4. Bar graph showing adherent U937 cells (%) after 
72 hours of incubation with phorbol 12-myristate 13-acetate 
(PMA) and dexamethasone. U937 cells (3.5-3.6xlO?fmL) 
were incubated with 20~ 9 mol/L PMA for 72 hours in the 
absence or presence of the indicated concentration of dexa- 
methasone. For the dimethyl sulfoxide (DMSO) control, the 
cells were incubated in growth medium containing only 0.1% 
DMSO and ethanoL Percent of adherent cells is expressed as 
number of adherent cells divided by number of nonadherent 
cells plus adherent cells times 100 (%). Each point represents 
the mean of six incubations. The viability of residual nonad- 
herent cells is expressed as the average of triplicate determina- 
tions, o, Cell viability without dexamethasone; % cell viability 
with dexamethasone. •••p<0.00/ (vs. 0). 

reports. 10 - 20 It has been shown that proliferating macro- 
phages exist in atherosclerotic lesions from cholesterol- 
fed rabbits. 21 The systemic administration of corticoste- 
roids has induced a prolonged monocytopenia in blood 
and a characteristic reduction of mononuclear phago- 
cytes at the site of inflammation during steroid treat- 
ment. 22 Moreover, corticosteroids have also been found 
to reduce monocyte chemotaxis in response to various 
inducers. 23 Together with these findings, our immuno- 
fluorescence study data suggest that dexamethasone 
inhibited the recruitment and proliferation of mono- 
cyte-derived macrophages in the aortic wall. 

Although dexamethasone did not alter the binding of 
,25 H3-VLDL to mouse peritoneal macrophages, it re- 
duced ,2S I-0-VLDL uptake and degradation. Related 
studies conducted under somewhat different experi- 
mental conditions have shown that exposure of cultured 
fibroblasts and arterial smooth muscle cells to physio- 
logical concentrations of hydrocortisone (4.1 x 10~ 8 mol/ 
L), 24 of cultured human monocyte-derived macrophages 
to dexamethasone, 23 and of cultured human fibroblasts 
to serum from glucocorticoid-treated patients 26 reduces 
their capacity to degrade low density lipoprotein 
(LDL). Recent reports indicate that uptake of /3-VLDL 
is mediated by the LDL receptor, 27 - 29 suggesting that, in 
our experiments, dexamethasone suppressed the degra- 
dation of 0-VLDL via the LDL pathway. Our results 
with dexamethasone are similar to those in an earlier 
report 24 showing that hydrocortisone reduced LDL up- 
take and degradation by cultured human fibroblasts 
without affecting binding. A decreased uptake of 
0-VLDL to macrophages in association with unchanged 
binding suggests a dexamethasone-related internaliza- 
tion defect of /8-VLDL, as Henze et al 24 demonstrated 
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FIGURE 5. Top panel: Binding curve of t2S I-fi-very low 
density lipoprotein (VLDL) to mouse peritoneal macro- 
phages. Monolayers of mouse peritoneal macrophages were 
preincubated with or without 10~ 7 mollL dexamethasone for 
36 hours at 37°C. Then cells were incubated at 4°C for 2 hours 
with the indicated concentration of l2S l-$-VLDL with or 
without 10' 7 mol/L dexamethasone. Cell- associated m l-fi- 
VLDL was determined. Middle panel: Uptake of l25 I-&- 
VLDL. Mouse peritoneal macrophages were incubated with 
125 I-P-VLDL at 37°Cfor 5 hours, and cell-associated ,2 7-0- 
VLDL was measured. Bottom panel Degradation of I2S I-p- 
VLDL. After cells were incubated at 37°Cfor 5 noun with the 
indicated concentration of t2S l-p-VLDL, the amount of 
m l-labeled trichloroacetic acid-soluble materials excreted 
into the medium was determined. In all studies of binding, 
uptake, and degradation, incubation with m l-fi-VLDL was 
carried out in the presence or absence of a 20-fold excess of 
unlabeled &-VLDL. Each point is the average of duplicate 
determinations. 

using LDL. When Henze et al measured the net LDL 
uptake to cultured fibroblasts and arterial smooth mus- 
cle cells by trypsintzation, they found that hydrocorti- 
sone reduced the internalization of LDL. In addition to 
an enhanced hepatic production or secretion of VLDL 
caused by dexamethasone administration, 30 these alter- 
ations in /5-VLDL metabolism in macrophages may play 



a role in the dexamethasone-induced enhancement of 
hyperlipidemia. It is conceivable that, despite the en- 
hanced hyperlipidemia induced by a high-cholesterol 
diet, dexamethasone suppressed macrophages that 
would be expected to take up and degrade excess 
0-VLDL in the aortic wall, leading to a decrease in the 
formation of foam cells. However, a toxic effect of 
dexamethasone on macrophages can be excluded, since 
we observed no difference in the amount of cell protein 
or the number of cells (data not shown). 

These observations suggest that dexamethasone en- 
hances the accumulation of 0-VLDL in plasma but 
suppresses the recruitment of monocyte-derived macro- 
phages to the aortic wall, as evidenced by the presence 
of fewer macrophages in the plaques of the dexametha- 
sone-treated rabbits. In addition, this agent may have 
inhibited foam cell formation via a reduction in the 
uptake of 0-VLDL by macrophages. 

The T lymphocytes frequently found in association 
with macrophages in plaques 31 may be involved in 
atherogenesis. 2 Immunofluorescence study in our exper- 
iments showed that dexamethasone greatly diminished 
T lymphocytes in plaques. Since corticosteroids sup- 
press the production of interleukin-1 by macrophages, 32 
they may thus exert an inhibitory effect on T-cell 
accumulation in plaques. 

Corticosteroids have been used to treat a variety of 
chronic diseases, such as rheumatoid arthritis and sys- 
temic lupus erythematosus, over long periods. Never- 
theless, there is little information on the effects of 
corticosteroids on atherosclerosis. In humans, retro- 
spective studies, including pathological data obtained at 
autopsy, suggested that these agents, through their 
hyperlipidemic action, adversely affected atherogene- 
sis. 33 - 35 The inconsistency between such reports and our 
experimental findings raises the question of whether 
corticosteroids may exert a different action on athero- 
genesis in humans versus cholesterol-fed rabbits. Al- 
though we have no data to answer that question, recent 
studies 25 using cultured human monocyte-de rived mac- 
rophages have shown that dexamethasone stimulates 
acetyl-LDL receptor activity. If this were true in vivo, 
dexamethasone would augment the scavenger receptor 
activity of the macrophages for the denatured LDL, 
which is thought to play a central role in atherogene- 
sis, 36 and would thus accelerate atherosclerosis in hu- 
mans. Therefore, differing atherogenic lipoproteins in 
humans and cholesterol-fed rabbits may account for the 
different response of macrophages to corticosteroid 
treatment. 

The dose of dexamethasone (0.050-0.057 mg/kg) 
used in our animal experiment is comparable to that 
administered clinically. However, when administered in 
vivo for long periods as in this experiment, dexametha- 
sone causes a variety of side effects, including growth 
retardation or atrophy of adrenal glands (Table 1), 
indicating that the antiatherogenic effect of dexameth- 
asone cannot be practically applied in the clinical 
setting. Nonetheless, our data show that, irrespective of 
the presence of hyperlipidemia, atherosclerotic plaque 
formation can be suppressed by modulating the function 
of macrophages. Recently,, the suppression of aortic 
atherosclerosis by purified rabbit interferon was ob- 
served in cholesterol-fed rabbits 37 in which, interest- 
ingly, interferon administration did not change the 
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serum lipid levels but decreased the number of foam 
cells of macrophage origin in the atherosclerotic lesions. 
This result, as well as our findings, suggests that ap- 
proaches other than the lowering of serum cholesterol 
that may affect the inflammatory aspects of atheroscle- 
rosis may protect against atherogenesis. 

In conclusion, our observations suggest that dexa- 
methasone suppresses the recruitment and proliferation 
of macrophages and the formation of foam cells in 
atherosclerotic lesions, thereby inhibiting the develop- 
ment of aortic atherosclerosis in cholesterol-fed rabbits. 
These findings may provide new insights into the phar- 
macological control of atherosclerosis. 
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Summary: Federal Circuit hears In re Seagate 



On Thursday, June 7, 2007, an en banc Federal Circuit panel heard arguments on In re 
Seagate . This case presented questions about the scope of the waiver of attorney-client privilege 
and work-product doctrine that results from asserting an advice-of-counsel defense to willful 
infringement and the extent, if any, that such a waiver extends to trial counsel. The court also 
raised the question of whether it should reevaluate the affirmative duty of care to avoid patent 
infringement established in Underwater Devices, Inc. v. Morrison-Knudsen , 717 F.2d 1380 (Fed. 
Cir. 1983). It was the creation of this affirmative duty that gave rise to the heavy reliance on 
opinions of counsel. Eliminating or revising the affirmative duty could have a profound impact 
on the patent litigation landscape. Judges Newman, Mayer, Lourie, Rader, Schall, Bryson, 
Gajarsa, Linn, Dyk, and Prost were present at the hearing. 

At the onset of Petitioner Seagate's argument, Judge Mayer, referring to Federal Circuit 
precedent as "Swiss cheese/ 1 indicated that it may make sense for the court to eliminate the holes 
in the law surrounding the affirmative duty of care. This theme continued throughout the oral 
argument, as the judges often inquired about the effectiveness of current Federal Circuit law 
surrounding the duty of care and how a change to this standard could potentially change patent 
litigation. 

Should the advice of counsel defense waive communications with trial counsel? 

The panel first focused on whether waiver of the attorney-client privilege or work 
product doctrine should extend to trial counsel when a defendant asserts an advice of counsel 
defense in response to a willfulness charge. When questioning Petitioner, the panel focused on 
the situation where trial counsel provides a contrary opinion to that of opinion counsel, even 
though those facts are not found in this case. Petitioner indicated that the court must balance the 
defendant's right to retain privileged information with the plaintiffs need to discover evidence 
about the defendant's state of mind. In many situations, Petitioner argued, the opposing party 
can use means other than deposing trial counsel to gather essential information. The panel 
responded to this contention by asking how a plaintiff would even know about a contrary opinion 
unless the defendant were actually required to disclose communications with trial counsel. 

Respondents, Convolve, Inc. and Massachusetts Institute of Technology, replying to 
similar questioning about trial counsel waiver, indicated that such a contrary opinion by trial 
counsel is very relevant to the potential infringer's state of mind and should be discoverable. 
Respondents indicated that this same reasoning applies to in-house counsel. The Petitioner, 
however, maintained that waiving the privilege with regards to trial counsel presents the 
defendant with an unwarranted Hobson's choice when defending against willful infringement - it 
must decide to either assert the advice-of-counsel defense or retain privilege on trial 
communications with in-house and outside counsel and risk a finding of willfulness and 
enhanced damages. 

Judge Rader asked Respondents whether the timing of an opinion is significant in 
determining whether a defendant waives privilege, suggesting that, in today's world of "instant 
suing," the defendant would always receive an opinion from counsel after suit began and so the 
timing is not really relevant to the inquiry. Respondents countered Judge Rader's proposition by 
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indicating that even though timing is very relevant, the scope of the wavier does not change 
regardless of when the defendant received the opinion. The waiver exists to show what the 
defendant knew at the time of the alleged infringement and if that knowledge changed over time. 

Turning Respondents' attention to the practical difficulties that waiver presents, the panel 
asked counsel how the Petitioner will defend themselves if Respondents obtain unfettered access 
to the Petitioner's views on the subject matters contained in Seagate's opinion of counsel. 
Respondents' counsel indicated that under In re EchoStar Commc'n Corp. . 448 F.2d 1294 (Fed. 
Cir. 2006), not all work product is discoverable. Furthermore, counsel continued, Federal Rule 
of Civil Procedure 26(b) creates a duty to supplement when a party learns of changes to its initial 
responses. The court reacted, stating that, while it is sympathetic to Respondents' situation here, 
exposing Petitioner's entire trial strategy seems "fundamentally wrong." Despite the court's 
opposition to such sweeping disclosures, Respondents' counsel urged against setting a bright-line 
between opinion counsel and trial counsel communications and work-product because the court 
can never anticipate every situation that could arise under such a rule. 

Should the court revi se or change the affirmative duty of care to avoid patent infringement? 

After probing both counsels about the waiver issue, the panel then focused on whether it 
should modify the current duty to avoid infringement and how any change could alter willful 
infringement litigation. 

Petitioner began by questioning whether the duty of care still serves its original intended 
function, citing the fact that patentees currently assert willfulness in 92.3% of patent 
infringement cases, and indicated that this case presents the court with a factual situation ripe to 
create consistency within the law. The panel proceeded to ask Respondents about this high 
percentage of willfulness claims, inquiring whether today's patentees are really worried about 
"catching people with [their] hand in the cookie jar" or if plaintiffs' claim willfulness as part of a 
strategy to receive more discovery. Respondents reacted by highlighting the fact that it is 
entirely the defendant's decision of whether to assert the advice-of-counsel defense to show it 
met the requisite duty of care. 

The panel also focused on who holds the burden to show whether or not the defendant 
satisfied its duty of care and how this burden would shift should the court clarify or change the 
duty standard. Petitioner maintained that in practice, once a willfulness charge is made, the 
burden shifts to the defendant to show they met their affirmative duty and that courts often 
conclude that the defendant has breached its duty if the defendant does not present an opinion of 
counsel. Instead, the burden should be on the plaintiff to prove willfulness by clear and 
convincing evidence and that only when the plaintiff has made a prima facie case of willfiilness 
should the defendant have to put forth evidence that it met its affirmative duty. 

Petitioner further contended that this burden would appropriately shift to the plaintiff 
should the Federal Circuit adopt the Supreme Court's reckless disregard standard. Respondents 
appeared to agree with part of Petitioner's argument, conceding that the plaintiff currently carries 
the burden of showing willfulness by clear and convincing evidence. After the plaintiff 
sufficiently meets this burden, the burden then shifts to the defendant to defend against the 
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willfulness claim. Petitioners further argued, however, that allowing the defendant to engage in 
selective waiver would be unfair to the plaintiff. 

The court aptly recognized that any change in jurisprudence surrounding the affirmative 
duty would not come without profound implications. The panel asked Petitioner about the 
impact that eliminating the duty could have on the number of opinions of counsel and if the court 
would still have to address the waiver issue if it eliminated the duty of care. In response, 
Petitioner conceded that there may be less opinions of counsel providing guidance on whether a 
patent infringes or not but suggested that companies may still request these opinions for 
investment purposes and when making decisions about entering the market. Because of this, 
Petitioner argued, the court would still have to address the waiver issue, regardless of any change 
to the duty of care. 

The court further asked Petitioner whether eliminating the duty of care would continue to 
drain the value of patents in light of recent Supreme Court decisions. In response, the Petitioner 
emphasized that the court should require a plaintiff to do more in a willful infringement charge 
than simply provide the defendant with notice and claim willfulness, which, in effect, places the 
burden of proving non- willfulness on the defendant and forces the defendant to waive privilege 
on its opinions. 

The panel and counsel often referred to the Supreme Court's June 4, 2007 decision in 
Safeco v. Burr , which evaluated the meaning of "willful" and determined that, in the context of 
Safeco , willful meant "reckless." The Seagate panel spent time examining the duty of care 
standard with both counsel to determine whether the affirmative duty to avoid infringement and 
whether it amounts to a statutory duty, a negligence standard, or whether it is synonymous with 
reprehensibility and recklessness. To this end, Judge Dyk probed Respondents' counsel to 
determine the basis for reading the duty of care into the willfulness statute. Respondents 
indicated that the duty of care follows a strict liability standard - the defendant must show that it 
complied with the law. 

Conclusion 

The panel's overall questioning seemed to illustrate that the court is uncomfortable with 
exposing trial counsel's mental impressions. However, the court's inquiries also suggested that 
contrary advice by trial counsel should be discoverable. The panel appeared split on whether it 
would change the affirmative duty of care standard, recognizing the reduction such a change 
could have on the value of patents and the number of opinions, but at the same time 
acknowledging that a plaintiff may sometimes claim willfulness simply to receive more 
discovery before trial begins. Neither party agreed with the court's suggestion that eliminating 
the duty would moot the wavier issue - if the defendant chose to rely on opinion of counsel in 
defense to a charge of willfulness regardless of the standard of proof necessary for willfulness, 
the scope of waiver and the defendant's state of mind would still be relevant. Regardless of the 
Federal Circuit's ultimate findings on the facts of this case, the court's decision will significantly 
impact the future of willful infringement claims. 
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Atherogenic dletpKBtodcrrreti^tfi offer sis rnortifrs V&vefi.dro maoAfcSHM, r>. Nbmoor of monkeys. group! vwsj$2, P<QOS group 2 vaaus 4. 



TABUE2 

Effect of Momclhciipln pn oortte and bv^ cholesterol content 



Group Uv^ohotestdrol Aortic cholesterol 

(n«6) < mj^/^et weig ht of tissue) ^j^MW!^^ .- 

1 #4^18- iOs^TF 

2: ,]:0.6:tO r 53* 3:.9^6.^ 

3 5<3±0.22:. . &Wft*i 

4 9;3*0-26 ti5 4;Q±0.27* ? 

;f value ... mm '8:60 



Group i tiamQi tfotno fad 

diet ^« Jr;<^/no^c^ aft$r. she rnontfis,: Grasp 4 Atfrercg&yk; c&ef .jplw Mctpe fhdc^} after s,*, 
rr&nfte Vqkjeearo mecirH&ty, n Nunibw oKmor&eys, *F<frC6 group t versus 2 'f«4).aS Qroup 3 



residues m their reactive ^ff^prt^f 
taglandin metahohtes were radioim* 
uiunoassayed (23>24). The ixitisefa for 
prqsi^iiandm metabolites yrexe oh^ 
tatnedfcomt^ 

France), and radioactive pro^raglanditi 
from Amersharn; United Kingdom 

After one year the animals were 
kilted by intravenoMS s6diurt> rientc^ 
thai On. necropsy theviscera were ex* 
amined and th^ heart: and aorta along 
with its major arteries were dissected 
out. The aorta was opened dofsally trt 
m long .ixisand stained with freshly 
prepared Sudan IV solution* The ex.- 
ten t of aortic sudanoph) liti was mapped 
on graph paper,, from which .the per- 
centage involvement of iritiroal lipid 
deposition was calculated (25), 

The fotkwmg. hfctoiogfca!: para- 
meters were also tdken.into < onsujera* 
tion for quannfication of aortic and 
coioiiaryatlierosclerosis: coronary ath- 
cwsclerosts index t frequehcy of aortic, 
and coronary plaque* ai\d the size ot 
atheromatous/fihrpus. plaque?* The 



coronary atherosclerosis index, fre> 
quency of plaques and plaque size were 
determined as previously described 

The heart md aorta were sampled tn 
1096 huffered formalin solution From 
each heart eight transversely cut slices 
were caktoi proc essed and embedded in 
jpjraffiii wax, The sections, of these 
blocks were stained widr hematoxyf ia 
and eo§in, elastic Van Geison and 
phosphotungsuc ac d hetnatoxyhn. To 
derccniihe the- extent of coronary 
atheroficletxjsis, one. section from the 
basah middle and apical regions of the 
heart of each axiimai was scanned and 
the number of atherosclerotic and nqn- 
atherosclcTOtic. arteries courited. The 
coronary atherosclerosis index was cal - 
culated as the ratio of 'number of 
coronary : arte ries in sections of heart 
slujwing atherosclerosis to 'total num - 
ber of coronary arteries in »sectipns of 
heart exaihihejd' iniik'iplied by 100. 

The. size oi the athcroscleTbtic pla- 
ques in eacli section was measured 



under rhe micto^ope tismg an ocular 
micrometer stahdaxdized a^ainisC: a stage 
micrometer. The plaque with tnaaci* 
muni vertical dimensk>n was taken ^ 
tpmparis&n. in ^each anitriah 
G^jraU arher^w^ To a^ 

sess the: overiill effect of the drug on 
iiqttic arid coronary atherrj5cle.r6sis a 
scoring ?ystern ivas evolved (29) In 
thiSvrhe^tdivtdual^aK^ 
ahove wefescored from 1 to 6 arid their 
predict divided by body weight m lalcv 
g^ms (refiectin|: ^ approximate age) 
This provided the qyera]l a dherosc lero> 
sis.sQpEre. 

Statistic^ analysts: Statistical analysis 
of the data was macje ; via . ANOVA fol* . 
lowed by r^t h^ am|ys« for biochem^ 
ical parainetcrs^ l-i^tolpgtcal data were 
analysed via the Student's paired i test 
except frequency of plaques both m 
aorta and coronary arteries where the 
test : i^i:empliiy^ 

RESULTS 

At the hegmnmg of the study the: 
monkey * body weights were corn^ 
parable in all rhe groups. Group Z and 
4 : monkeys joined sigrnficandy tnon? 
weight than the ahitnals fed stock pel- 
let diet only, (P<0 05), lndonieth.icin 
did not tniluenee either IxkIv weight or 
blood pt^iUre/No c^n^es in the ECQ 
were rioted. 

Effect of atherogenic diet on serum 
lipids and Itpoprotejnsi Serum lipid 
levels at six .months were considered 
baseline values, ie, before mdometha- 
cin dosing, ahx) the results have been 
compared with these. The atherogenic. 
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indomathocJn and ptheTo&ctefosfc in Rhesus monkeys 



TABLE 3 

Effect of incfomefhoclr? on serum lipoproteins in ffoewf monkeys 



Group 
<n*6) 

1 

2 
3 
4 

Fvofue 



High density Itppprbteirt 
cholesterol (mg/dt) 



low density lipoprotein 
cholesterol (mg/dl) 



0 months 

55.8±2.G8" 
52.1*2:61 
46.0i2.21 
5l,Ofci>95 
3.19 



6mbhfhs 12 months 0 months 6 months \2 months 



Very low density lipoprotein 
cholesterol <rog/dt> 
0 months Smooths 12 months 



55,5*3.37 
56.Q±2.08 
49:S*T,8# 
66 6±r57? 
. 3.2 



46.2r4i32 

56.0*2:62; 

61. 8±2; 15? 
58-0t4;46 
3k 



4/;&fc3:Sr 
61.3±5.37 
:?0^3:20 

7.0 



60>2±57 7:3*0.41 

142.0*1296' 1673±l:3.3r 7:^0.57 

75 ? -2fc2.66 72.Cte6.66 7,8i0,32 
144:fel0:05 f 1 8<5.S± } 0:3? 

25;27 39.34 22.72 



12^41 
12:810.30 

3:25. 



i;3atd;38 
!;3.2.tQ,30 
226) 



Group X Ncm*olcfotro!ndim2tfrac{n Group ZAftetpgerycdiet no fodotnethcsdn. Ofoup 3 Np^ldtetpusfa^ mcr*h$/0<cop «f 

A^cgelie diatptus vidcri&thaCft <*fier.s!x montte, VatU45<M moan^ *B<&05 group J ttosus fiS'tffe^^'v^t*^ 



dter resulted in a -sigutfic&nr- increase 
(P<0;05). in. all: fractions of Return: 
(Table 1) and tissue lipid? (Table 2), 
IDC cholesterol and YLlXc^pl^teT^t 
were increased (P<fr05)> wh^^HDL 
cholesterol decreased niargindliy 
(P>0,Q5) (Table 3) ApoA-l did not 
show any significant difference hut 
ApoA ll was debased m groupi conv 
paired to group 1 (Table 4 ) 

A^cdti, indoMethaein therapy did 
not .significantly effect serum choles- 
terol triglycerides and phospholipids 
but; total iipjd valuer were decreased in 
group 4; Liver cholesterol content was 
also decreased (F<0,O5) in group 4; 
monkeys without affecttrtg the tfortle 
content (Tafele 2)> ApoA*T and: A-H 
values were not affected by tndb* 
methgem (Table .4). 
Effect of stock diet* In stock dieted 
monkey hot treated withindomerlta- 
cm, no effect on serunriipids was noted 
However* with indonieriiacm serum 
phospholipids >vere decreased^ HDL 
cholesterol increased (P<&05) and 
apoA'H decreased The other para- 
meters were not significantly attested 
(Tables 14). 

Effect o£ indomethactn on prpstaglan* 
dins: Plasma 6'keto-pTOstaglandinFia, 
a stable metabolite of prostacyclin; de.r 
creased significantly (P<(XQ5) in arf)> 
erogeriic diet-fed monkeys not treated 
with.lndomethacin. in stock diet^ifed 
monkeys, the decline in this vajlue was 
less marked* Indornethacin had no sig- 
nificarit; effect on this parameter; 

On. the contrary, serum thn^bo^ 
xane &2, a stable metabolite of throm- 
boxane A2> was significantly Lncreaised 
in all groups during the experiment 
: {P<0,Q5)> The rise was much greater in 



TABU 4; 

Effecjf'bf in^prhothacln oh serum apoproteins in Rhesus monkeys 



Group 

r 

2 
3 
4 

r; value 



^^ratfrfh M Apoprotein A r N 

QrhOrft hg ^months 12 months 0 months. 6 month* ,12 months 

128;3iT3 4& T62,G&1073~ 233&ia09 ~~ ™™ w 



I33.5cfl9.97 : 
t29;3*77Q 
136.2*3* 
0^29 



162-fttlOl 
I6tfe*7.7 
,Q;;15C5 : 



2317±]7;3i 
2T3.0tU;67 
0.996 



34&fc2;12 : 
360*3,83 
323*3,44 
36mi3: 
.0.833 



43 86:122 
4K6t3:19: 
43>3i3-54. 

cutis 



5&2£2.65 

S3;G±3:Q8. 
474 



Group INormotdiGt n^ti^crmtfnadn &6up2AtrmoQ^Gti!& 

titer pha !ndQrne*txtttc< after. m rrtonft?, Gtcnjp 4 : AiheroQerfs:<$&t p after, she 

rrionpis V^u^^iwai^^h rturnbet ofrronkey? 



TAB1£5 



Group 


Ihiprh 
0 months 


tooxane 8^ o 
6monfh5 


(ig/rnt) 
12months 


^keto^prc 
0 months 


istdgtanctthFitt (ng/mt) 
6 months iir^hthd; 




1.021SOS 


2.35+0,47 


434±0 ? 50 


t7a^:i86 


l;S(HD26: V45dO fj9 "" 






6.21:£;i7* 






2vl&r05Q* 10140,16* 


3: 






2 63±0:25^ 


r.57mi5 


140*015 1 2CJ±0.<57 


'A. 




77Qi0 99 


s7ma4Q ts 


1 74iD.10 


Vv2CfeGD7 1 C7i0.076 


F volue 


6:32 


23;86 


2IM 


5.02. 


16.64; 5,26 



Oroup IN^qtifeihg incfom0thqcin : Grpup 2 Aifr&ogertc aWnopdcrm 
<#e' pto$ fncipfn&thacfn. aft& ti rnphtte Grouo 4 ^w^.^g^rvc <tt& ptijs inacrn&ffiacfa aft&r $fx 
rrrontiis ypk^ ote nw^ n M«nhflif dr. man*«y5 i>&t& &CLp l versus $ f P<i jC?5 aroup 3 
v^us:^ y P<6>QS group \ vwsts a £^ aroup 2v&r$i& 4 



«ither<5geiwc dietrfed groups compared 
with stock diet-fed monkeys {P<G:35}: 
After indomethacin therapy, throm- 
boxane Bi levels were recJuced sig- 
nificantly In group 3compare4togr<>ur) 
L in atherogenic d iet-fed dhig ; treated 
monkeys, the decrease: m thromboxane 
Bz levels was much less conipared to 
group 2:(P<0;OSHTable.5). 
Aortic atherosclerosis; Aortic sudano 
ph i Ha was » ncreased s ign if i c antly 
(P<0.01) in group 2 and 4 monkeys, 
which were fed an atherogenic diet. 
The frequency and siie of aortic 
atherosclerotic plaques showed a 



similar increase m group 2 monkeys; 
liowever» mdometlucm treatment of 
atherogenic diet>ted rdohk^s produced 
a significant decrease in both the tre^ 
quenc> and $\tc of plaques in group 4 
(P<C,0i ) (Taible 6 ) A similar decrease 
in atherosclerotic lesions was not ob- 
served iri stock-diet fed indbniethucin- 
treated monkeys. 

The overall score of aortic athert> 
sclerosis revealed a significant increase 
in group 2 versus group 1. Treannent 
with indbme.thacin pmdiiccd a marked 
decline in this scpre in group 4 
monkeys; however, rhe vHri^rion was 
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TABLE 6 

Effect of six months' (ndomothocln the ropy on aortic atherosclerosis In Rhesus 
monkeys 



Group 


SudonophiHa W 


Frequency of 
4) plaques C%) 


Size of plaques 

(rim) 


Aortic other 0- 
tcleroifc score 


j 


v.5J:U 


25.0 


164±42.0 


.1:05*0.36 


2 








7.4*2X3* 


3 


?,{tei;2 


22,2 


126±205 




4 


3ZGt7,# 


267* . 


8? 5*215* 


2/4*0.7 



Qrodpi t^m&pi&rofo^neftqcln: GkoupZiAm&ogGnicdfy^ N'orrnat 
dtei plus incfQwethaan after sx months; &o<jp 4 AthBpogetnk^ diet phi r<fc^^pc#> after six. 
moriths Vtfi,e$aw>*ec*tt$5t^ 7MU#:-0.fr' gr<x*> 1^**2- f P<ao$-C.af 

$TCK;p2 ve&ui 4> f P<G0 1 group 3 versus* 



TABLE 7 

Effect of six roorift*' indomethocln fherppy on coronary otherosctewwjs In 
Rhesus monkeys 



Group Coronary airheror 
(n»e) sctereite ihtf ox (%> 

.2; 8.23*0,8" 

4 &7£1.$ 



frequency of 
pteques(%> 

"104*" 
23,0^ 

20.0 



Size of plaques 

(n*n) 



Corpnory arfiero-! 
sclerosis score 



4$ $±88. 
29 4147 



3;7?H).43t 
26^,07* 



Grrxp INczmaf dtetnotfi&vpetiia&ij Grp%jp2A ttwpG<wteQ5?f r&i$cfcxfa^ Morrnat 

dter fojotriefpocin offer six months Group 4 v^&dfcpj^ ot*or M 

months.. Vjotoeswe wegr^^o-fom^ otmonk&ys *&&Q$ group 1 & I 
versus 2;*P<G.0toiotip2 vorsas.4 



hot significant <^>nipar^ vvitli group 2 
No effect of indbmethacin was seen m 
stocfcHpier fed months {Table 6) , 
Coronary atherosclerosis: I he ooro- 
nary arhe^^^ 
c y of plaques were ^ 

(P<0;05 - adl) m grouf? 2 mohtey* 
compared with group I With indo- 
methactn treatment, these parameters 
showed a decrease in group 4 monkeys, 
hat the change was not significant 
(P>0.Q5) A marked decrease in 
coronary Kherosciefof tepkque sue was 
noted m group 4 monkeys compared 
with group 2, but the difference was not 
^l^ifkant (P>0eS) (Table 71. 

The overall coronary atherosclexc^is 
score showed a significant increase 
(P<G 0l) in group 2 monkeys com* 
pared with group. I. In atherogenic 
diet-fed tedontethaeiti* treated mon- 
key* (group 4), this score was signtft- 
cantly reduced versus the untreated 
monkeys' (group.2 ) (P<UQi) (Table 11 

DISCUSSION 

Attterosdl^cocSc lesions that occur 
spontaneously in huihans have many 
common features to those, induced in 



experimental £otn>als fey a high tat and! 
cholesterol diet. Meowing of the ves^ 
sel funien is produced by ribe deposition 
of c holestexol in aitil around the in- 
utw\ celts pf the arterial wail I in as- 
sociation with proliferation of smooth 
mu$cl^ cells Fdllowed by fibm$ m There 
:are rjaiany fau:ors which pa^y contribute 
to the development at ^ ateetitKclerotic 
ptaque>> but two key factors which take 
an active part in ibis process are 
hpoprotexos and platelets, therefore, 
to understand the mechanisms Involv- 
ed tn arherqgeiresis^ ir is im|jortiini: to: 
idcftti% the specific Lipoproteins ies~ 
poxisible for the delivery of cholesterol 
to the mcimal cells 

In the present study* the monkeys 
which developed arheroscterosis fol- 
lowing high fat and cholesterol feeding 
did not present any clinical symptoms 
and. signs (blood pressure and RCO 
changes) There was a highly sign if i- 
ci?nr increase in ali serum lipid fractions; 
in monkeys winch were fed an atheror 
genie diet These findings confirm the 
ear her observations that high fat and 
cholesterol (net: indices hyperhpidemfa 
in each species of mox-key studied to 



date (29). in control groups, serum 
lipids also increased gradually 
throughout the experiment which 
could be the result of ageing (30), 

Hyper lipidernia is asscciared with 
alterations of the hemostatic balance 
(31-33) and,, more specifically, .with, 
change? in platelet aggregabiliry and 
thromboxane Ai generation (^435) as 
well as changes in prostacyci in ptodu6 
tion by vascular tissue (36) . 

Expet imental hyperhpidemia pr<* 
duced increased secretion of thrornbox 
ane Bz from platelets and decreased 
level of prostacyclin as evidenced by 
significantly lower values of 6-keto- 
prt>staglaiidtnFia \37) These findings 
support that there was hyperfunction of 
platelets m hypc^hpidemrc. monkeys 
which could have contributed to en> 
hanced athe roma formation trt ajthcro- 
genie diet fed monkeys. Jnaddalonv tHe 
vascular prostacyclin liberation ap- 
pe^ired to be decreased in atj\erogenk 
dietrfed n\c>nkeys # indicating that the 
balance Wt vvecn diromboxane A2 and 
prostaghmiin h was disturbed as a 
result ofh^erlipideihia ■ 

IndomethsjcuY therapy in atheto* 
yenic diet'fed monkeys did not m> 
tluence : aeninl cholesterpl or trjgty> 
cendes but slightly decreased: total 
lipids Iti stock dietrfed animals phoSr 
phohpiijs only were lowered^ suggesting 
t hat indomethae 1 n produced only mar 
ginal effects ot> serum lipids wh?d? ;s in 
agreement: with the ftodihgs of Hol- 
lander et^ii (38) anil Pick et al (3?) 
who fed ASA to cynoinciigiis monkeys* 
Serum lipoproteias were not af* 
fecred in atherogenic diet^ed^ itiddr 
methacin'.treatedmonkeysy.w 
diet^ed animals, giveti indomethafein : 
had increased HDL cholesterol; LDL 
and V^LDL cholesterol were not ef- 
fected by tndomethacin, suggesting 
thiat there was only marginal erTett of 
the dnig oh the moblliziacibh .-and 
transport: i)t fipids. in drculatibhV, A$ 
such the drug appears to exert its anti- 
atherogenic effect in this model, via a 
different ruechamsm than that of 
st andard hxTpolipidemic drugs sucfe >>? 
ckifibrate and probucol (40). 

No significant alterations were 
n<7ced In; apoA-I and A-H whether the 
animals were fed atherogenic or stock 
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Indomsthacto and atherosclerosis in Rnesus monkeys 



diet or given indomethacin, These' 
findings Jigrce with the HDL chole- 
sterol patterns except for group 3 for 
which there is no. obvious, esplar^ition. 
The insignificant increase -.of apoAd 
and A>U pretermmaliyfronvthe^ 
levels seems to be t he effec t of ageing 
The present results arc not m .agree- 
ment with those reported by Dc Backer 
et al (4 i ) in humans who showed chut. 
apoA4 and apoA-II levels were slg- 
nthx-antly decreased with lowering of 
HDL cholesterol in patients suffering 
from coronary artery disease. 

In theipresent study the. signtikaat 
increase 1a cholesterol content of both 
aorta and liver of atherogenic diet-fed 
«nirrtais i$ in line with ear it^r reports 
published from the author/ lataratory 
{26 28) Irdpmethacin treatment rc- 
yelled an mterestiing effect; on assue: 
cholesterol content in group 3 f^ory 
keys* Although aortic cholesterol 
not influenced by the drug, liver 
cholesterol content was significuntly 

t Oukwvarti RR Kukreja RS. 
Maturati y occumng arhero^ 
arseriosclenisis in rhesusmonkeys* 
Ind J Wed Res 19SI v73 6(J3 9 : 

2, Girtson fcAi Encscsh %fe ^^amtoeiye 
attdqimlitative sexum lipoprotein 
analysis; Part 2 Sr^icVuimaie 
sm^vorsof^ 

Atherosclerosis 1975 ;Z1 ;435-50, 
h Gbniont/K^ 

DawberTFL Lipoproteins, 
cardfovarculaT disease and death, the 
frammgham Study > Archlntem Med 

4. Oowibn T, Sasteltt WP, Hjprtland 
UQ\ Kani^el WB >: l")awhcr TR. High 
density lipoprotein as ,1 protechve 
rector ugajr^t coron^rv; heart disease. 
The frwrouigham Srudtv* Am) Med 
1977;62: 70741 

Miller NE Associations of high density 
hpoproteiiv Vul^lft^sahd:. 
apoiipoproteira with i$ehacrrue heart 
d isease and coronary atherosclerosis. 
AmHcartJ1987ili3:589; 
6v. A jaupovie P. A^iipoprotejn5 and. 
lir&rWdreiris. Amj^jscletosis 

7. Bnmzeil JD Snidexman AD, Atbers 11 
Kwtterov ch PO, Apoproteins B and 
A -land coronary artery disease: io. 
humans. Arteriosclerosis j9$4;4'79-8;>. 
Avogaro P> Bihoio Boh G, Camiato 
O y Qii rnci GB. Are apoiipoproteins 
betTOT discriminators than lipids for 
avheroSl:lerosis^^nce?: 1979;c90i -3.. 



decreased -the rj^ehatiWttt is unclear, 
The presence of aort ic sudanophilia 
and: atherosci erotic plaques in some, 
stock diet- fed. animals parallels eafUer 
findings of Chakravarti and associates 
{ 1 ) of spontaneou.sly occurring 'AthjcKD' 
artexi05( ier<isi5i in monkeys, ft was 
noted that atherogenic diet .'feeding ag* 
gravated significantly both aortic and 
coronary atherosclerosis Hie overall 
atheroscterosis score ( aortic, and coro- 
nary;) was als<r significantly increased. 

Although some j^:r»meter^ showed 
significant reduction with indornethri- 
cin therapy, the overall score ofathen> 
sclerosis was not slgrnitcamly affected 
by the .drug, indc^nerhacin rreatrrieru,, 
ho^evetj significantly dtcrciased Vcoro- 
nary atherosclerosis In atherogenic 
diet-fed monkeys reflected by the over^ 
all adberosckrosi& ; score: uv d*ia group* 

The cause of i^ducuon of aortic and 
coronary planes foliating mdo- 
methnc in thenupy possibly could fee ex* 
plained by the anttinflanmiatory 

9. Kukit^ H> Harnaoa *t ? FKwada Ki. 
KdfcubuT. Ghnical si^iitonce of 
i$easutemetu of scrum apollp^oteihs 
A-I« A#and B in hypmngfyeenv 
demic tiiale patients m th and without 
coronary artery x* wirase A ther bsclerosis 

10. Mdma A r Yokosuta Ti Kitamuxa K 
piaaiiia lipids and apoirppproteins as 
djstnmmator^ for presence and sever; ty 
of i^ngfc^pHiceUv -deftned ^ctr^naty 

HrtCTy disease; Athefix^Ier<ViW 

i983v#;i-7 

i L Stnderrrwiv A , Shapiro StMwpok. IX 
SkimerB, Ten^ B/Kwirotovich KX 
Association of coronary athexos* Ir rosis 
Avitl^ hvr^r^^betolipc^roteinemi^ 
(inctea>ed pn^teav bue npniial 
ehoiesteioi fevels in human plasma low 
density fBj ttDoproteins) Proc Nad 
,AcadSctUSA : 19to»6e4*7, 

12. Haercm JhA Mural platelec 

rhicfoth^ombi and major acute lesions 
of main ep .cardta) arttr .es m sudden 
con^nary death Adierosderosis 
19.74>i?i52936 v 

1;3. Ross R. Ad\ercwc.ierosis: A problem of 
the biology of anerial^ai! cell? and 
their jnmactions with tyvtHi 
components. Art^ndsc I ctosis 

1 4 . Ross R> Tiic patho»«^ csis of 

atherosclerosis — An updare. K Engl J 
Med I9^314:43^5QQ. 

1.5, Lavie CJ,GauGT; SqutiesCRW, 
K!orrke fiA. ManagemetSt of lipids in 
pt imary and secondary pre vention of 



ptoperty of' ihe di\ig which decreased 
edenia in the lesioii arid retarded other 
infiamniafef y teactidhs associated with 
its genesis. How vet, Since there was no 
change in aortic tissue cholesterol con - 
tent in the treated animal^ it is unlike- 
ly that the drug acted through 
mobrittittiofr en^ 
hanced reverse (ransiport or? cholesterol; 
This w-^s a!s<) reflected by an insig- 
nificant clvJnge iti; aortic sud«nophil ia 
iri the indbmethacih'treatcti animals. 
Further, Bailey et sil (42) reports other 
NSAllDs C(xdd.sirppre% piaqiie size in 
atherogenic ..diet-fei rabhtts, even 
when the degree of hypercholescerol^ 
erniaTeriiained irnarifc^is?i In m earlier 
publication^ the preseritauthors report? 
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